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ABSTRACT 
Understanding die starch biosynthetic mechanism is often hampered by the existence 
of many isofbrms of the involved enzymes as well as numerous pleiotropic effects of 
mutations affecting these enzymes. This dissertation investigated interactions among starch 
biosynthetic enzymes, focusing on both physical association of the proteins and functional 
interactions in a transgenic A: vxvo system. Specific protein-protein interactions among the 
starch biosynthetic enzymes that were indicated by yeast two-hybrid experiments were 
confirmed directly by affinity chromatography. The functional significance of such 
interactions, specifically between starch synthase and starch branching enzyme, was studied 
using heterologous expression in the yeast SaccAaromryces cerevb&ze. A preliminary step in 
the study was to engineer yeast for production of ADP-glucose, the precursor of starch. The 
results clearly showed that activity of the starch synthase of SSm/DUl is affected differently 
by the identity of the particular branching enzyme isofbrms with which it acts. Furthermore, 
the branching enzyme isofbrms BEIIa and BEIIb were shown for the first time to be 
functionally different from each other when acting in conjunction with SSŒ/DU1. In 
addition to the protein-protein interactions among starch biosynthetic enzymes, a novel 
protein was found to be interacting strongly with SSI by affinity chromatography and mass 
spectrometry. Identification of this protein, referred to as cell-wall invertase-like protein, may 
reveal a previously unknown aspect of the physiology of the starch biosynthetic system, 
along with a possible role of sucrose metabolism within the plastid. 
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
Starch is one of the major carbohydrates that occurs in the biosphere. As a primary 
storage material for chemical energy converted from solar light, starch is used as an energy 
source for both animals and plants. Its uses are also found in the various industries where it is 
prepared and modified for its final and specific applications. In plants, starch is first 
synthesized in chloroplast of leaf tissue during the day, then hydrolyzed and converted to 
sucrose during die night to be transported to other tissues. In storage tissues such as cereal 
endosperm and tuber, starch is synthesized again in the amyloplast for relatively long term 
storage. The starch made here is utilized later as an energy source for seed germination. 
These functions indicate that starch plays a central role in the overall metabolism of plants. 
Starch Structure 
Starch is composed of only one type of monosaccharide unit, D-glucose, which is 
joined by a(l-*4) and o(l-»6) glucosidic linkages to form a whole starch granule (for 
review of starch structure, see Hizukuri et al. (1989); Gallant et al. (1997)). The latter type of 
bond is referred to as the "branch" linkage. Based on the presence of branch linkages, the 
glucose polymers within starch granules are differentiated into amylose (~ 25 % of starch 
granule) and amylopectin (~ 75 % of starch granule). Amylose is mostly formed by a(l-*4) 
linked D-glucose units (approximately 10^ - 10* glucosyl groups) without branches, whereas 
amylopectin is formed by both o(l-»4) and o(l-»6) linked D-glucose units (approximately 
10* - 10^ glucosyl groups) with a specific branching arrangement. The granular structure of 
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starch can be observed easily under the microscope where it is shown as having diverse 
shapes and sizes depending on the species. A schematic view of different levels of starch 
granule organization is summarized in Figure 1.1. The granule comprises alternating semi-
ciystalline and amorphous zones, which make up one growth ring. This particular growth 
ring structure was once suggested as emerging resulting from the diurnal cycle (Buttrose, 
1962), however, it was later shown not to be directly related to such diurnal control, 
especially in potato tuber (Pilling and Smith, 2003). Thus, the question about the factors 
resulting in characteristic growth rings of starch granule still remains to be answered. The 
smaller scale of view is shown in Figure 1.1C, where amylopectin chains are described as 
alternating crystalline lamella and amorphous lamella with each repeating unit of 
approximately 9 nm. The crystalline lamella is a region filled with double helical linear 
o(l-»4) linked parallel glucan chains and the amorphous lamella is a region of clustered 
o(l-»6) branch linkages. This is the unique property found in starch, which distinguishes it 
from glycogen. 
Glycogen is the glucose polymer usually found in animals, fungi and bacteria, which 
is composed of D-glucose units with the same kind of o(l-»4) and o(l-»6) chemical 
linkages as starch. Although glycogen has a branching frequency of about 10 % (cfl 
branching frequency of amylopectin - 5 %), its branching pattern does not seem to be highly 
organized like amylopectin. In contrast to glycogen, starch has a semi-crystalline structure 
resulting from die regularity of degree of polymerization, branch frequency and location. 
Determining the biosynthetic mechanism that accounts for the architectural specificity of 
starch, as it differs from glycogen, is important It can be easily inferred that some fine 
machinery is involved in construction of starch that may not occur in glycogen biosynthesis. 
A B C D 
Mgnre l.L Schematic view of the different level of starch granules. The boxes within the diagrams in panel B, C and D represent 
the area occupied by the structure in the preceding panel. (A) The most enlarged view of amylopectin structure showing o(l—>4) 
and o(l—>6) glucosidic linkages. (B) One single cluster showing double helical array of linear o(l—>4) linked glucan chains and 
clustered o(l-»6) branch linkages. (C) The larger view of amylopectin structure showing alternating crystalline and amorphous 
lamellae with each repeating unit of approximately 9 nm. Crystalline lamellae are produced by the packing of double helices in 
ordered arrays. (D) Cross section of starch granule. Alternating growth ring structures can be observed comprising semi-crystalline 
zone and amorphous zone. (Adapted from Smith et al. 1997) 
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This is clearly illustrated by the difference in the number of enzymes involved in 
biosynthesis of those two different glucose polymers. 
Starch Biosynthetic Enzymes 
To make starch granules, several enzymes are required including starch synthases 
(SSs) and starch branching enzymes (BEs). Starch debranching enzymes (DBEs) and 
disproportionating enzyme (D-enzyme) are also considered to have critical roles for starch 
biosynthesis (for recent reviews, see Nakamura (2002); Ball and Morell (2003); James et al. 
(2003)). In contrast, there is only one glycogen synthase and one glycogen branching enzyme 
in E. co/%. The catalytic modes of these starch biosynthetic enzymes are summarized in 
Figure 1.2 and their location of M Wvo catalysis in the plastid are described in Figure 1.3 
along with their substrates and products. 
Starch synthase (SS). This group of enzymes is responsible for synthesizing 
o(l-»4) linked linear glucosyl polysaccharide using ADP-glucose as an activated glucose 
donor (Figure 1.2). There are at least five known starch synthase isofbrms in maize (Zeo 
maya), namely GBSSI (granule bound starch synthase I, coded for by wwy (tw%) (Nelson and 
Rines, 1962; Shure et al., 1983)), SSI (Knight et al., 1998), SSIIa (coded for by fwgoryJ (m2) 
(Ham et al., 1998; Zhang et al., in press)), SSIIb (Ham et al., 1998) and SSin/DUl (coded 
for by (W/7 (dw7) (Gao et al., 1998)). These isofbrms are highly conserved in the plant 
kingdom, which implies that they have specific non-overlapping functions despite the 
common catalytic function of creating o(l -*4) glucosidic linkages (Cao et al., 1999). GBSSI 
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Figure 1.2. Diagrammatic view of the catalytic reactions by enzymes involved in starch 
biosynthesis. Donor glucosyl units are shown in red and asterisks indicate reducing ends 
transferred. The structures here do not represent any specific substrates and products. 
(Adapted from Myers et al. 2000) 
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Figure 13. General pathway of starch biosynthesis beginning with sucrose. Numbered 
activities are mediated by the following proteins. 1, sucrose synthase; 2, UDP-glucose 
pyrophosphorylase; 3, glycolytic enzymes including phosphoglucomutase; 4, ADP-glucose 
pyrophosphorylase; 5, hexose phosphate transporters; 6, ADP-glucose transporters. Not all 
plants have both the indicated transporters and cytosolic ADP-glucose pyrophosphorylase. 
Transport of Glc-l -P is depicted as a possible example and is not meant to imply that hexose 
phosphate transporters are necessarily specific for this molecule. Ap, amylopectin; Am, 
amylose. (Adapted from Myers et al. 2000) 
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is exclusively involved in synthesizing amylose chains as a granule bound protein while the 
others are responsible for synthesizing amylopectin chains either as soluble protein 
(SSm/DUl (Gao et al, 1998)) or proteins present in both places (granule and soluble phases) 
(SSI and SSIIa) (Mu-Forster et al., 1996; Yu et al., 1998). SSUb was found as cDNA, 
however, its protein product has not been clearly identified yet. Mutations in waxy affecting 
GBSSI do not interrupt the semi-crystalline structure of starch, therefore, amylopectin seems 
to be mostly responsible for this characteristic structure of granules. Out of three soluble SSs 
(SSI, SSIIa, SSIII/DU1), SSI was suggested to make the shortest glucan chains of 
amylopectin and to be entrapped within die amylopectin chains (Commun and Keeling, 
2001). The subsequent extension of glucan chains is thought to be accomplished by SSII 
and/or SSm (Commuri and Keeling, 2001; Umemoto et al., 2002; Zhang et al, in press). The 
major soluble SS activity was shown to be different among various species. For example, SSI 
is the major soluble SS in maize endosperm (Cao et al., 1999), whereas developing pea 
embryo has SSII (Craig et al., 1998) and potato tuber has SSin (Marshall et al., 1996) as 
their major soluble SS. The kinetic properties of each isofbrm have also been determined 
from purified protein from maize endosperm or recombinant protein expressed in E. co# 
(Imparl-Radosevich et aL, 1998; Imparl-Radosevich et al., 1999; Cao et al., 2000). From the 
sequence comparisons among different SSs, there was found a unique feature in N terminus 
of SSm (Marshall et al., 1996; Gao et al., 1998). The sequences found here were unique to 
the SSm protein, and not found anywhere else. The function of this N-terminal domain has 
not been identified, however, it was suggested to be a region of interaction with other starch 
biosynthetic enzymes or starch polymers. 
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Starch branching enzyme (BE). Three different isofbrms of branching enzymes are 
known in maize: BEI (Blauth et al., 2002), BEIIa (Blauth et al., 2001) and BEIIb (coded for 
by wmy&we exfemfer (ae) (Stinard et al., 1993)). As shown in Figure 1.2, this group of 
enzymes cleaves an o(l-*4) linked linear glucan chain and catalyzes branch linkage 
formation between the newly made CI reducing end of the released chain and the C6 
hydroxyl group of glucose of another glucan chain. Despite this common catalytic function, 
each isofbrm seems to have its own specificity, which is supported by their sequence 
conservation in the plant kingdom, /m Wfro experiments showed that BEI preferentially 
transferred longer glucan chains, whereas BEII isofbrms transferred shorter glucan chains 
(Guan and Preiss, 1993; Takeda et al., 1993). In addition, the minimum chain length 
requirements for glucan transfers were different among BE isofbrms (Guan et al., 1997). BEI 
was shown to require DP 16 (degrees of polymerization), whereas BEE required DP 12 as 
minimum chain length for transfer. Their temporal and spatial controls of expression are also 
different among isofbrms. Despite the high similarity between BEIIa and BEIIb regarding 
amino acid sequence and kinetic properties, BEIIa was shown to be predominant in leaf 
tissue and BEIIb was shown to be expressed only in endosperm tissue (Gao et aL, 1996). The 
time of expression differs among these isofbrms, which was identified in rice (Mizuno et al., 
2001). In this study, the BEIIa homolog RBE4 was shown to be expressed in developing 
endosperm earlier than the other two isofbrms. Based on these results, BEIIb appears to be 
specifically adapted and involved in storage starch biosynthesis in developing endosperm. 
Further information about BE isofbrms was obtained through their heterologous 
expression in yeast. Seo et al. (2002) expressed all the possible combinations of maize starch 
branching enzymes in a AzccAaromycea cerevwwze host in which the native glycogen 
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branching enzyme gene was disrupted. This study found that BEIIa and BEIIb complemented 
yeast glycogen branching enzyme and that BEI was only active in combination with other 
BEII isofbrms, suggesting a sequential mode of branching activity among different isofbrms. 
According to this hypothesis, BEE isofbrms are thought to make a better glucan substrate for 
BEI. 
Starch debranching enzyme (DBE). Isoamylase-type of o(l-»6) glycohydrolase 
(SU1 (coded far by swgoryJ (W) (James et al., 1995; Rahman et al., 1998)), IS02, IS03) 
and pullulanase-type of o(l-»6) glycohydrolase (ZPU1 (Beatty et al., 1999; Wu et al., 2002; 
Dinges et al., 2003)) are known as starch debranching enzymes. Debranching enzymes have 
been distinguished by their different substrate specificities (Lee and Whelan, 1971; Doehlert 
and Knutson, 1991) despite their common catalytic function of a(l-»6) branch linkage 
hydrolysis (Figure 1.2). The isoamylase-type DBE débranchés glycogen and amylopectin, 
whereas die pullulanase-type DBE preferentially débranchés pullulan (a polymer of a(l-*6) 
linked maltotriosyl units) and amylopectin. These two enzymes, which are seemingly related 
to a degradative activiy as opposed to a biosynthetic activity, were suggested to be involved 
in starch biosynthesis by mutation studies. First of all, mutation in (coding for an 
isoamylase-type DBE) was characterized by 1) increased sucrose concentration, 2) 
accumulation of water-soluble, highly-branched polysaccharide, termed phytoglycogen, 
which resembles glycogen, and 3) reduced amount of water-insoluble starch granules (Black 
et al., 1966; Evensen and Boyer, 1986). Mutations of zpwJ (coding for a pullulanase-type 
DBE) also showed a starch biosynthesis defect (Dinges et al., 2003). 
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The effects caused by mutations of debranching enzymes (specifically isoamylase-
type DBE) on glucan polymer structure have led to the three different hypotheses about 
amylopectin biosynthesis (Ball et al., 1996; Zeeman et al., 1998; Myers et al., 2000; Burton 
et al., 2002). First, the glucan trimming model proposed by Ball et al. (1996) suggested a 
direct role of debranching enzyme for amylopectin biosynthesis (Figure 1.4A). According to 
this model, starch synthases and branching enzymes elongate linear glucan chains and form 
branch linkages, respectively. In the amorphous lamella, randomly produced branches are 
trimmed by debranching enzymes. In this process, only the branches appropriate for clustered 
arrangement of glucan chains remain intact and the other branches are removed. The short 
branches formed by branching and debranching enzymes are then elongated by starch 
synthases. The physiological event described here is repeated many times to make large 
amylopectin molecules. Consistent with this model is the observation of highly branched 
intermediary glucan structures (Nielsen et al., 2002), which appear to be the multiply 
branched glucans before trimming by debranching enzymes. The second model is the WSP 
(water-soluble polysaccharide) clearing model, which emphasizes the indirect role of 
debranching enzyme in amylopectin biosynthesis (Figure 1.4B). This model was suggested 
based on the observation of both starch granules and phytoglycogen in the same chloroplast 
from the isoamylase-deficient mutant of (Zeeman et al., 1998). According 
to this model, the syntheses of amylopectin and phytoglycogen are thought to be competitive 
processes to each other. The synthesis of amylopectin is solely achieved by starch synthases 
and branching enzymes in this instance. The presence of debranching enzyme favors 
amylopectin synthesis on granules by eliminating "ectopic" water-soluble polysaccharide 
through hydrolysis of branch linkages. However, reduced activity or absence of debranching 
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Figure 1.4. Models for amylopectin biosynthesis. (A) Glucan trimming model (B) WSP 
clearing model. The heavy arrow and the dotted arrow in this model (B) indicate that, in the 
absence of DBE, SS and BE spend proportionally more time converting WSP to PG and less 
time synthesizing Ap. The glucosyl units in MOS produced by DBE action during 
elimination of WSP presumably are returned to the beginning of the pathway. Ap, 
amylopectin; WSP, water-soluble polysaccharide; MOS, malto-oligosaccharides; PG, 
phytoglycogen. (Modified from Myers et al. 2000) 
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enzymes results in shift from amylopectin synthesis to water-soluble polysaccharide 
accumulation, although reduced amount of starch granules is still synthesized by starch 
synthases and branching enzymes. The third model was proposed based on a mutation study 
in barley (Burton et al., 2002). The mutation in waJ (coding for isoamylase-type DBE in 
barley) was characterized by a different type of granule initiation (in terms of structure, 
number and timing) as well as reduced starch content in endosperm. The major effect of this 
mutation was an increased number of tiny granules. The function of the ISA1 debranching 
enzyme was then suggested to suppress granule initiation, thereby affecting die number and 
shape of starch granules. This view was recently supported again by the study in potato 
where the activity of and (isoamylase-type DBEs) were reduced by expression 
of antisense RNA (Bustos et al., 2004). 
Dbpropordommdng enzyme (D-enzyme). This enzyme was shown to be involved in 
starch biosynthesis by the mutation study in Ck&zmydbmoMa; rexnAarA# (Colleoni et al., 
1999a; Colleoni et al., 1999b; Wattebled et al., 2003). The mutation reduced starch 
deposition and modified amylopectin structure and granule shape with increased 
accumulation of malto-oligosaccharides. As shown in Figure 1.2, this enzyme catalyzes the 
transfer of segments of linear glucan chains among one another. In this reaction, one o(l-*4) 
linkage is hydrolyzed and the released reducing end is attached to the non-reducing end of 
another glucan chain through a new a(l-»4) linkage. However, the findings here are still 
controversial about its direct role in starch biosynthesis. While the enzyme is directly 
involved in starch biosynthesis in CA&zmydomona;, it was later shown to be functional only 
for starch degradation in /draWqpaw (Critchley et al., 2001). Since die mutational studies 
have been done in only these two systems, further evidence from other species is required to 
clarify its role in starch metabolism. 
Interaction: among Starch Biosynthetic Enzymes 
In addition to the many isofbrms of enzymes involved in starch biosynthesis 
described above, pleiotropic effects caused by mutations in these genes have been significant 
Actors that have hampered understanding of starch biosynthesis. For example, mutants 
show a significant decrease in the activity of BEIIa as well as SSm activity (Boyer and 
Preiss, 1981). The mutations also result in elevated activity (approximately 8 fold) of 
other soluble SS (presumably SSI) (Cao et al., 1999). Another pleiotropic effect is that 
mutations are always followed by the severe loss of ZPU1 activity (Beatty et al., 1999). In 
addition, a specific allele of awJ-f&zrc/ry, causes loss of BEIIa activity (Dinges et al., 
2001). The mutation, directly affecting a DBE, also shows decreased activity in 
BEIIa and ^-amylase (Dinges et al., 2003). A decrease in SSI activity was also found in the 
ae mutant of rice directly affecting BEIIb (Nishi et al., 2001). Mild phenotypes of single 
mutations can become severe in combined mutations (e.g. awJ-am combined with aM-Tk/" 
(MangelsdorC 1947)). In this instance, the severe kernel phenotype was distinct from the 
effects of either mutation alone. 
The fact that there are many conserved isofbrms of enzymes performing common 
catalytic roles and that various pleiotropic effects occurred with several mutations suggests 
that there might be very intricate regulation and control among starch biosynthetic machinery 
such as protein-protein interactions (Tedow et al, 2004) and post-translational modifications 
(e.g. phosphorylation (Tetlow et al., 2004) or reduction/oxidation by thioredoxin (Cho et al., 
1999; Wu et al., 2002)). Since many mutations and kinetic properties of isofbrms involved in 
starch biosynthesis are known, the next method should be somehow related to discovering 
these coordinated, functional interactions among isofbrms, substrates, glucan chains and 
possible regulators. The study in the following chapters will describe efforts to elucidate such 
interactions. 
Dissertation Organization 
This dissertation consists of four chapters and two appendices. Chapter 1 is an 
introductory chapter. This reviews the relevant literature about the mechanism of starch 
biosynthesis and raises some research problems that are addressed in the subsequent chapters 
and appendices. Chapter 2 is a research paper, which will be submitted to Plant Physiology. 
Chapter 3 is another research paper being prepared for submission to Plant Physiology. 
Chapter 4 is for summary and general conclusion. There are two appendices in this 
dissertation. Appendix A is a published paper in Plant Physiology where I was the second 
author. Appendix B is a short research description, which could be a supplemental result for 
Chapter 2. 
Except for Appendix A, all of this dissertation was written by me with editorial input 
from my major professors Dr. Alan M. Myers and Dr. Martha G. James. Chapter 2 is multi-
author paper in which Dr. Beom-seok Seo contributed by constructing some of the yeast 
strains and expression vectors. Ms. Tracie A. Bierwagen joined this effort by conducting 
most of yeast two-hybrid experiments and Dr. M. Paul Scott provided the HPLC profile of 
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nucleotide compounds. The rest of the results were obtained by my own experiments. In 
Chapter 3,1 was responsible for every experiment. Appendix A is another multi-author paper 
where I contributed by analyzing expression levels of starch branching enzymes and 
conducting several supporting experiments. Appendix B was prepared entirely by my own 
effort. 
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CHAPTER 2. FUNCTIONAL INTERACTIONS BETWEEN HETEROLOGOUSLY 
EXPRESSED MAIZE STARCH SYNTHASE AND BRANCHING ENZYME IN 
YEAST 
A paper in preparation for submission to Plant Physiology 
Seungtaek Kim, Beom-seok Seo, Tracie A. Bierwagen, M. Paul Scott, Martha G. James, 
Alan M. Myers 
Abstract 
Biosynthesis of amylopectin is complicated by the many isofbrms of the enzymes 
involved and the pleiotropic effects of various mutations. Identification of each mutation and 
biochemical characterization of isofbrms have significantly contributed to the understanding 
of amylopectin biosynthesis, however, the details of this process have not been solved 
completely. To address this complicated question, a heterologous expression system using 
yeast AzccAaromyces cerevic&M was employed as continuous effort developed by Seo et al. 
(2002). The results in this study showed that maize (Zeo mayj) starch synthase DU1 
complemented yeast glycogen synthases. This single enzyme expression was further 
expanded to include combined expression of isofbrms. Combinatorial expression of starch 
synthase and starch branching enzyme was shown to complement the counteiparts of yeast 
glycogen biosynthetic machinery with novel glucan products. The results obtained in this 
study showed that the N-terminal extension of DU1 interacts differently with branching 
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enzyme isofbrms and the activity ratio of starch synthase to branching enzyme is an 
important factor to determine the fine structure of glucan. In addition, BEIIa and BEIIb were 
shown for the first time to be functionally different in conjunction with DU1. 
Introduction 
Understanding the mechanisms responsible for biosynthesis of amylopectin, a major 
component of plant starch granules, is complicated by the presence of multiple isofbrms of 
each enzyme involved in assembly of this glucose homopolymer. Enzymes that must be 
involved in amylopectin biosynthesis are the starch synthases (SSs) and starch branching 
enzymes (BEs) (for recent reviews, see Nakamura (2002); Ball and Morell (2003); James et 
al. (2003)). SSs add D-glucose units to "linear" glucan chains in growing polymers through 
o(l-»4) glycoside bonds. BEs catalyze the transfer of one section of a linear chain to another 
chain through an a(l-»6) glycoside bond. The SSs and BEs together can account for the 
great majority of the covalent structure of amylopectin. There is an architectural component 
to the structure of these molecules, however, that is specific to a large extent and is critical in 
determining the physical and biological properties of starch. The architectural features in 
question include the lengths of linear chains, the frequency of the a(l-*6) "branch" linkages, 
and the placement of the branch sites relative to each other. SSs and BEs obviously are 
involved directly in determining these characteristics, and other enzymes including o(l-*6) 
glycohydrolases (starch debranching enzymes; DBE) also are necessary for production of 
normal levels of starch with wild-type structure (Ball et al., 1996; Zeeman et al., 1998; Myers 
et al., 2000). 
The Act that multiple forms of SS and BE exist in plants, and are largely conserved in 
different species suggests that the determination of polymer architecture is a complex process 
dépendait on many Actors. In maize (Zea ways), there are at least five different SS isofbrms 
referred to as GBSSI (Nelson and Rines, 1962; Shure et al., 1983), SSI (Knight et al., 1998), 
SSIIa (Ham et al., 1998; Zhang et al, in press), SSIIb (Ham et al., 1998), and DU1 (Gao et 
al., 1998), and three different BE isofbrms (BEI (Blauth et aL, 2002), BEHa (Blauth et al., 
2001), BEHb (Stinard et aL, 1993)). The high degree of sequence conservation is likely to be 
explained by specific functions of each isofbrm, as opposed to redundancy. The fact that 
mutation of a single isofbrm of SS or BE typically causes changes in starch structure 
(reviewed in Shannon and Garwood (1984); Nelson and Pan (1995)) confirms that many of 
the isofbrms have at least some non-redundant functions. 
Distinct enzymatic properties of both SSs and BEs have been observed in proteins 
purified from plant tissue or produced in recombinant form. For example, purified BEI is 
known to transfer relatively long glucan chains compared to the activity in a purified BEE 
fraction (Guan and Preiss, 1993; Takeda et al., 1993), and recombinant BEI preferentially 
produced chains of DP (degrees of polymerization) 10 or longer as compared to the 
preference of recombinant BEHb for transferring chains of DP 3 to DP 9 (Guan et aL, 1997). 
In addition, their minimum substrate chain length requirements for glucan transfer are 
different among the isofbrms (Guan et al., 1997). With regard to the starch synthases SSI and 
DU1, enzymatic differences have been observed in the degree of stimulation of purified 
activity by exogenous glucan or high citrate concentration in die reaction buffer (Ozbun et 
al., 1971). Furthermore, using recombinant enzymes acting in EscAerzcA&z co# cells, it 
appears that SSI may produce shorter chains, with a product preference in the range of DP 6 
to DP 15, compared to SSIIa or SSIIb, which showed a product preArence of greater than DP 
24 and DP 16 to DP 24, respectively (Guan and Keeling, 1998). These properties suggest 
certain models about how the architectural structure of amylopectin is produced (Nakamura, 
2002) although whether these properties reflect the precise w vivo roles of each isofbrm 
remains to be proven directly. 
Genetic analysis provides a means of examining for isofbrm-specific functions in 
amylopectin biosynthesis m vivo. In maize, elimination of SSm function by mutation of the 
(<W) gene results in reduced frequency of relatively long glucan chains (Wang et al., 
1993a, 1993b). These data might be explained by a specific role of DU1 in producing the 
long chains, which cannot be provided by any of the other isofbrms. Similarly, mutations in 
SSIIa in numerous species including the maize gene awgaryJ (aw2) (Craig et al., 1998; 
Edwards et al., 1999; Yamamori et al., 2000; Umemoto et al., 2002; Morell et al., 2003; 
Zhang étal, in press) result in accumulation of very short chains in the range of DP 6 to DP 
11, suggesting a specific role for this isofbrm in elongating those chains. Mutations in BEIIa 
or BEIIb cause significant changes in starch structure, including longer chains and less 
branching, in leaf or endosperm starch, respectively (Garwood et al., 1976; Blauth et al., 
2001), whereas BEI mutation in rice or maize has a relatively slight effect on starch structure 
(Blauth et aL, 2002; Satoh et al., 2003). 
Interpreting the zn vxvo data can be complicated by the possibility that any given 
mutation has pleiotropic effects on other enzymes in the amylopectin biosynthetic pathway. 
For example, mutants show significant decrease in the activity of BEIIa (Boyer and 
Preiss, 1981) as well as elevated activity of another soluble SS, presumably SSI (Cao et al., 
1999). Mutations in the gene, which codes for a specific DBE isofbnn, are known to 
have pleiotropic efkcts on BEIIa (Dinges et al., 2001) as well as the DBE isofbrm ZPU1 
(Beatty et al., 1999), and mutations also have synthetic genetic effects in combination 
with mutations in the gene coding for SSIII (Mangelsdorf^ 1947). Another example of 
pleiotropic effect is the finding that mutations in the rice gene that codes for BEHb also cause 
a deficiency in SSI (Nishi et al., 2001). The frequent observation of pleiotropic genetic 
effects between enzymes in starch biosynthesis may be explained by protein-protein 
interactions occurring m Wvo between these molecules. One such direct interaction was 
described recently, which was identified by co-immunoprecipitation of BEI and BEHb from 
wheat plastids (Tetlow et al., 2004). This interaction was shown to be dependent on 
phosphorylation of each of the two binding partners. 
Pleiotropic interactions m vrvo may cause misinterpretation of genetic data. As an 
example, the decrease in long linear chains of amylopectin from plants lacking SSIII (Wang 
et al., 1993a, 1993b) might be explained by a direct role of this isofbrm in production of 
those chains. It is difficult to rule out other explanations, however, such as a pleiotropic 
effect between SSIII and another SS being the direct cause of the change in amylopectin 
structure, or an increased BE activity in vivo reducing the abundance of long chains owing to 
excess chain cleavage and transfer activity. 
This study sought to identify potential interactions between SS and BE isofbrms, 
using the approach of metabolic engineering of «SbccAaromyca; cerevw&ze as a heterologous 
w Wvo host. SSm is particularly likely to be involved in interactions with other starch 
biosynthetic enzymes, because the mutations at the locus, which codes for SSIII, are 
known to affect both other SS and BE activity and to interact with mutations that affect a 
DBE. Furthermore, the catalytic activity of SSm is known to be located in the C-terminal 
450 amino acids of the protein, whereas the N-terminal region of more than 1200 amino 
acids has no identifiable function and provides a possible target for protein-protein 
interactions (Gao et al, 1998). 
In this study, two-hybrid experiments involving many starch biosynthetic enzymes 
identified an interaction between the N terminus of DU1 and BEIIa, among others. & 
cerevwM# was further employed to replace the native glycogen biosynthetic system with a 
glucan biosynthetic system made up of specific combinations of SS and BE from maize. The 
advantage of this system is that specific isofbrms can be isolated vivo, so that only one 
particular SS and BE is operative, as opposed to the plants in which multiple isofbrms of 
each enzyme are present The results indicated that the N terminus of DU1 mediates a much 
different functional effect in the presence of maize BEIIa than it does when the branch 
formation function is provided by the native yeast glycogen branching enzyme Glc3p. Taken 
together, the data indicate that physical interaction between the N terminus of DU1 and 
BEIIa is an important determinant of glucan structure. 
Result* 
Yeast two-hybrid 
Prior to the heterologous expression of starch biosynthetic enzymes, a yeast two-
hybrid experiment was conducted in an effort to identify potential protein-protein 
interactions. Since protein-protein interaction is considered to be one of the main factors 
regulating starch biosynthesis (Ball and Morell, 2003; Tetlow et al., 2004), we reasoned that 
the identification of such interactions could help to explain structural differences in starch 
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and pleiotropic effects in various mutants of maize. Maize SSs (SSI, three truncated versions 
of DU1), BEs (BEI, BEIIa, BEHb) and DBEs (SU1, ZPU1) were expressed as fusions to the 
yeast GAL4 activation domain and also to the GAL4 DNA binding domain (Table 2.1). In 
this experiment, DU1 was expressed in three different forms and previously, these were 
shown to be unique in DU1 protein (Gao et al., 1998). DU1-N** corresponded to amino acid 
residues 366 to 648, which covers the positions of the three 60-amino acid SBE super-
repeats. This part of DU1 was considered to possibly interact with other starch biosynthetic 
proteins (Gao et aL, 1998). DU1-N^ corresponded to amino acid residues 1 to 181, which 
covers the putative transit peptide and a very small part of the 85-residue repeat. DU1-N"* 
corresponded to amino acid residues 1 to 367, which covers (he positions of the three repeat 
units that make up the 85-residue repeat in addition to the region covered by DU1-N^*. 
Positive protein-protein interaction was identified as described in Materials and Methods. In 
summary, many protein-protein interactions were found (uni-directional, reciprocal, self-
binding interactions, Table 2.2) in two different yeast host strains (PJ69-4A, YRG-2), and the 
results were same between these two strains. The results suggest that there are complex 
interactions among starch biosynthetic enzymes. Among these, the interaction between DU1-
N"** and BEIIa and the interaction between SU1 and BEHb were identified as reciprocal 
interactions, which are more likely to be real interactions within the cells compared to uni­
directional interactions. The interaction between DU1-N*"* and BEIIa was specifically 
worth noting since the combinatorial transformation was also made in the heterologous 
expression system (this study). In addition, there is a pleiotropic effect of decreased BEIIa 
activity in the mutation (Boyer and Preiss, 1981). While these two experiments were 
conducted in the different genetic backgrounds of yeast, the fact lhat all of them were 
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Table 2.1. Two-hybrid matrix of pair-wise yeast transformations. The interaction between 
pSV40 and p53 is the positive control and the interaction between pAD and pBD is the 
negative control. 
GAL4-AD 
GAL4-
EB 
SU1 ZPU1 BEIIa BEHb BEI DU1- DU1- DU1-N"= SSI pAD (-) 
pSV40 
(+) 
SU1 + «H wa E» - -
ZPU1 - - - — — — — 
BEIIa - + + + I +
 
+
 
+ 
-
BEHb — — - EM EM 
BEI - - - - - -
DU1-N"* + + - l +
 
+
 
-
+ 
— 
DU1-N^ — - - - - BBS BTO 
DU1^I™ 
— 
- - - - - -
SSI - + - - BB SB (TO -
pBD (-) - — - - - - - - -
p53(+) - -
* + = growth on the minimal plate without adenine 
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Table 2.2. Summary of interactions 
UNI DIRECTIONAL INTERACTIONS RECIPROCAL INTERACTIONS 
SU1+BEIIa SU1 + BEHb 
SU1+BEI DU1-N"°° +BEIIa 
SU1+ZPU1 
BEIIa+ ZPU1 SELF-BINDING 
BEIIa + BEHb SU1 
BEIIa+ DU1-N^ BEIIa 
BEIIa+ DU1-N"^ DU1-N"* 
BEIIa + SSI SSI 
DU1-N"^ + SU1 
DU1-N"^ + ZPU1 
DU1-N"* + DU1-N** 
DU1-N"™ + SSI 
SSI + ZPU1 
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expressed in Sbcc&wowycea cerevwiae supports the possibility of physical interaction 
between DU1 and BEIIa in die heterologous expression system affecting glucans synthesized 
in the cell. Thus, this physical association of proteins might be able to provide an explanation 
for the different glucans made in specific combinations. The other reciprocal interaction 
Bound between SU1 and BEHb was also noteworthy because it was observed that the activity 
peak of BEHb from anionic exchange column has shifted in the mutant of maize 
compared to the peak profile of the wild-type maize (Kim S. unpublished observation). 
Complementation of yeast glycogen synthases by expression of maize starch synthase 
and & co# ADP-glucose pyrophomphorylase 
Yeast strain gsyl-2- lacking native yeast glycogen synthases (Gsylp, Gsy2p (Farkas 
et al., 1990; Farkas et al., 1991)) was constructed from nonmutant strain Y-2159 using 
sequential mutagenic disruption by the 1ZTU2 marker and the kanamycin/geneticin resistance 
gene Amf, respectively (Table 2.3). In addition, this disruption was used to make a strain 
lacking G8Y7 and another strain lacking GST2. The glucan yield by the hot alkali procedure 
and die glycogen synthase activity of these strains confirmed the predominant effect of 
Gsy2p (Farkas et al., 1991) (data not shown). 
While yeast glycogen synthases use UDP-gtucose as glucose donor, starch synthases 
use ADP-glucose to make glucans. Therefore, we cloned E. co/% g/gC, coding for ADP-
glucose pyrophosphorylase, by PCR amplification from genomic DNA of XLl-Blue MRF' 
cells. This DNA was then subcloned into pYX vectors to observe the activity and the 
production of ADP-glucose in yeast cells. Figure 2.1 is the HPLC profile of nucleotide sugars 
resulting from die transformations. The result shows that introducing g^gC changed the 
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Table 2.3. Yeast strains used in this study 
Strain Relevant Genotype 
Y-2159 AAzfa AW 
(Five backcrosses to D273-10B/A1 (TzagolofT et al., 1975)) 
gsyl-2- MzAx waJ A6j gry7. gay2..tgm^ 
DU1F/AGP wroJ AW gayj. g3y2..*w%^ 
[pGLGC-222x] 
DU1C/AGP AAzfa wa J A6j g3y7..1EU2 gayZ'.twf 
[pGLGC-222x] 
gsyl-2^1c3- AAzfa AW gay7.'.lEC/2 gyy2.. ApA gW;. 
DUlF/BEIIa/AGP Mzfa ***3 AW k%2 gayJ "1EC/2 gay2.. ApA gW:; Am/ 
(orF/IIa/AGP) wW..DC/7F..URXj AW..SBf27&.a753 [pGLGC-232x] 
DUlF/BEHb/AGP JWafa xmzj AW /eu2 (yj2 gyy7..1E[/2 gayJ.. ApA gW". 
(orF/nb/AGP) AW.:6»fm..HK3 [pGLGC-232x] 
DUlC/BEIIa/AGP JMafa wroj AW fy&2 gay7..1E[/2 gay2..ApA gW..' AwT 
(orC/Ha/AGP) Mraj..D&%C. AW..&Bf2k..ABJ [pGLGC-232x] 
All the strains in this study have the same genetic background of D273-10B/A1. 
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wild-type 
gigc 
gsyl-, gsy2-
gsyl-, gsy2-, glgC 
o UDF 
Adenosine 
ADP 
UDPG 
ADPG 
15 20 25 30 
Time (Minutes) 
Figure 2.1. HPLC profile of nucleotide compounds. Profile from four different yeast strains. 
The black line is from Y-2159 and the red line is from Y-2159 transformed by & co# g(gC. 
The blue line is from gsyl-2- and die green line is from gsyl-2- transformed by & co# 
In this instance, the transformation was conducted using an integrative plasmid. 
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metabolic profile of nucleotide sugars in yeast cells. Specifically, g/gC integrated in the 
chromosomal DNA of yeast resulted in increase of ADP-glucose in gsyl-2- background. 
gfgC in the form of episomal plasmid, however, produced significantly more ADP-glucose 
than in the form of integrative DNA (data not shown). Therefore, the episomal plasmid of 
g(gC was used for the following transformation and expression of starch synthases in yeast. 
To complement the native yeast glycogen synthases, starch synthases from maize 
(DU1F (full-length DU1), DU1C (C-terminal catalytic region of DU1) and SSI) were 
introduced along with g(gC. Exposing the cells to iodine vapor showed that only DU1F and 
DU1C complemented yeast glycogen synthases, as shown in Figure 2.2. The amount of 
glucan from these new strains was determined. In the specific culture conditions (see 
Materials and Methods), DU1C/AGP strain made approximately twice as much glucan a 
DU1F/AGP strain (Figure 2.3). 
Complementation of yeast glycogen synthases and branching enzyme by combined 
expression of maize starch synthase, branching enzyme and ADP-glucose 
pyrophosphorylase 
Yeast strain gsyl-2-glc3- lacking native yeast glycogen synthases (Gsylp, Gsy2p 
(Farkas et al., 1990; Farkas et al., 1991)) and native glycogen branching enzyme (Glc3p 
(Rowen et al, 1992; Thon et al, 1992)) was constructed from nonmutant strain Y-2159 using 
mutagenic disruption by the AE&/2 marker, die hygromycin B resistance gene ApA and the 
kanamycin/geneticin resistance gene respectively with the additional auxotrophic 
markers and (Table 2.3). Starch synthases and branching enzymes were introduced 
along with & g(gC. A total of eight different transformation combinations wee made. 
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Y-2159 gsyl-2- DU1F/AGP DU1C/AGP 
m • # 
• H m 
gsyl-2-glc3- F/na/AGP F/Hb/AGP C/Ha/AGP 
Figure 2.2. Cell staining by iodine vapor. Cells were grown on the solid minimal medium for 
three days in 30*C incubator. After incubation, cells were stained for 3 min by being exposed 
to iodine vapor. Pictures were taken 1 min after staining. The genotypes of the yeast strains 
are described in Table HI. 
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Y-2159 DU1F/AGP DU1C/AGP F/n*/AGP F/IMV*GP (ym/AGP 
#U#lm 
Figure 2.3. Glucan yield. The amount of glucan from each strain was determined after hot 
alkali procedure using starch assay kit. Each amount of glucan is the average value from 
three independent cultures of yeast cells. The genotypes of the yeast strains are described in 
Table IE. 
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These were SSI/BEI/AGP, SSI/BEIIa/AGP, SSI/BEIIb/AGP (SSI combined with BE 
isofbrms), DUIF/BEI/AGP, DUIF/BEIIa/AGP, DUIF/BEIIb/AGP (DU1F combined with BE 
isofbrms) and DUIC/BEIIa/AGP, DUIC/BEHb/AGP (DU1C combined with BEE isoibrms). 
Of these combinations, only DUIF/BEIIa/AGP, DUIF/BEIIb/AGP, DUIC/BEIIa/AGP and 
DUIC/BEHb/AGP complemented native yeast glycogen synthases and native glycogen 
branching enzyme, as indicated by stained patches upon exposure to iodine vapor (Figure 
2.2). These combinations corroborated the previous heterologous expression experiments in 
yeast in which BEHa, BEHb complemented native glycogen branching enzyme (Seo et aL, 
2002) and DU1F, DU1C complemented native glycogen synthases (this study) when they 
were expressed alone. The amount of glucan from these new strains was determined (Figure 
2.3) and DUIF/BEIIa/AGP was shown to produce more glucan (approximately 3.5 and 5.5 
fold) than DUIF/BEIIb/AGP and DUIC/BEIIa/AGP, respectively. In the specific culture 
condition (see Materials and Methods), DUIC/BEHb/AGP did not make enough glucan to be 
analyzed further despite the very similar iodine staining result as DUIC/BEIIa/AGP (data not 
shown). Therefore, this strain was excluded from further analysis. 
Fine structure of the glucans produced In transgenic yeast strains 
The fine structures of the glucan polymers produced in yeast strains expressing 
various groupings of maize starch synthase and glucan branching enzyme were determined in 
order to detect potential combinatorial effects of specific enzymes. Total glucans were 
prepared by the hot alkali procedure, then digested to completion with bacterial isoamylase to 
specifically hydrolyze o(l-»6) branch linkages. The resultant linear chains were 
fluorescently labeled at the reducing end, separated based on degree of polymerization by 
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capillary electrophoresis, and quantised by fluorescence spectroscopy. The frequency of 
each chain length was calculated as the percentage of the total peak area for all linear chains 
detected (Figure 2.4). To compare the fine structures of the different glucans, difference plots 
were calculated in which the frequency of each chain length was subtracted between the two 
strains (Figure 2.5). 
The glucans produced by DU1F or DU1C in the presence of the native yeast glycogen 
branching enzyme Glc3p were compared (Figure 2.5A), as were the products of these two 
different forms of SSIII in the presence of maize BEIIa (Figure 2.5B). Using the native yeast 
BE to branch the glucan, when the DU1 N terminus is present, there is a relative increase in 
short linear chains in range of DP 6 to DP 10, and a coordinated slight decrease in chains of 
DP 12 to DP 24, as compared to the product of the DU1 catalytic domain alone (Figure 
2.5A). A very different effect is observed in die products of full-length DU1 or the catalytic 
domain only when BEIIa is die operative branching enzyme (Figure 2.5B). In this instance, 
when the N terminus of DU1 is present, there is a major decrease in short linear chains of DP 
6 to DP 15 and a major increase in longer chains of DP 19 to DP 36, compared to the product 
of the catalytic domain alone. These results indicate functional interaction between the DU1 
N terminus and BEIIa (see Discussion). 
The different combinatorial effects occurring between SS and BE is also evident from 
considering the total amount of glucan produced by the various strains (Figure 2.3). When 
the branching enzyme is the native yeast protein Glc3p, more total glucan is accumulated 
when the glucan synthase is DU1C than when it is DU1F, suggesting that the shorter form of 
the enzyme is more active. When the branching enzyme is BEIIa, however, the opposite 
result result is obtained. In this instance, DU1F produces more total glucan than does DU1C, 
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31 34 37 40 43 
DUIF/BEIIa/AGP 
4 7 10 13 16 19 22 25 28 31 34 37 40 43 
DU1C/AGP 
I 
DUIC/BEIIa/AGP 
4 7 10 13 1« 19 22 25 28 31 34 37 40 43 
Figure 2.4. FACE analysis of chain length distribution. 100 |ig of glucan obtained by hot 
alkali procedure was debranched, labeled and separated by capillary electrophoresis. 
Distribution between DP 4 and DP 45 was plotted. Each result is the average from three 
independent cultures of yeast cells. 
41 
A 
DU1F/A6P - DO 1C/AGP 
{: Uk 
B 
DUIF/BEIIa/AGP - DUIC/BEHB/AGP 
18 20 22 24 26 28 30 32 34 36 38 40 42 44 
c 
DU1F/BHWAGP - DUIF/BEIIb/AGP 
J 
4 6 
Figure 2.5. Comparisons of chain length distribution between glucans produced by the 
strains in this study. For each chain length, the percentile value of the second strain was 
subtracted from the percentile value of the first strain. 
suggesting the longer Arm of SS is more active. Again there is an apparent difference in SS 
function depending on the identity of the accompanying branching enzyme. 
Extreme differences in glucan fine structure were observed when the maize branching 
enzyme BEIIa or BEHb was expressed in the presence of DU1F (Figure 2.5C). In this 
instance, there was an extreme increase in the frequency of short chains of DP 4 to DP 14 
when BEIIa was present as compared to BEHb. Accordingly, there was a major decrease in 
longer chains of DP 18 to DP 40 in the DUIF/BEIIa/AGP strain as compared to the 
DUIF/BEIIb/AGP strain. The most straightforward explanation for this result is that the 
accumulation and/or activity of BEHb in the transgenic yeast strain is far less than that of 
BEIIa. Expression analysis in the Allowing section shows this conjecture to be correct. 
Glucan size distribution 
To compare the size of the glucans produced by the new strains, gel permeation 
chromatography (Sepharose CL-2B) was employed. The sample for this experiment was 
prepared from the total glucan extracted by hot alkali procedure. The total glucan obtained 
here was mixed with SDS solution to make approximately 1% SDS solution, which was then 
boiled Allowing the mechanical disruption method (SDS/DMSO extraction) described by 
Seo et al. (2002). Samples separated by gel permeation column were digested by 
amyloglucosidase and quantified. The results are summarized in Figure 2.6. 
Except for Y-2159 and DUIC/BEIIa/AGP, the strains showed relatively broad 
distribution of the samples and the amount of glucan corresponding to each fraction number 
varied on repetitive experiments. This contrasts with the highly reproducible chain length 
distribution of each sample. 
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Figure 2.6. Glucan size distribution. Glucans prepared from mechanical disruption procedure 
(SDS/DMSO extraction) were loaded and separated by gel permeation chromatography on 
Sepharose CL-2B column. Representative data are shown in this figure. 
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Especially in DU1F/AGP and DU1C/AGP, two populations of glucan were clearly 
observed. Despite some variations of the peak heights on each independent experiment, these 
two populations were always observed. Specifically, the height of the first peak (taction 22 
to 28) showed large variation. The FACE analysis for these two peaks showed that the first 
peak (fraction 22 to 28) had more short chains compared to the second peak (fraction 33 to 
80) (data not shown). These two different populations seemed to arise in part due to the 
different timing of expression of DU1 and glycogen branching enzyme Glc3p. While the 
transcription of DU1 is controlled by the constitutive TIP/ promoter, yeast glycogen 
branching enzyme Glc3p is under the endogenous transcriptional control according to the cell 
status (Thon et al., 1992). It is known that G5T2, G1C3 are induced during the transition 
between the exponential phase and the stationary phase, which is the timing of maximal rate 
of glycogen synthesis (Farkas et aL, 1991; Rowen et aL, 1992; Thon et al., 1992). Therefore, 
the two populations seemed to be the products of uncoordinated functions of starch synthase 
and glycogen branching enzyme. The difference in chain length distribution between these 
two populations seemed to also result in relatively large error bar in die strains of 
DU1F/AGP and DU1C/AGP (Figure 2.4). 
Enzyme activity and expression level 
To explain the significant differences among glucans from the strains in this study, 
analysis was performed by enzyme activity assays and Western blots. 
Starch synthase activity was determined by die methods described by Nakamura et al. 
(1989) and Cao et al. (1999). These methods employed yeast crude extract as a source of 
starch synthase. However, neither of them was successful in detecting starch synthase 
activity except in the combined strains DUlF/BEIIa and DUlF/BEIIb (data not shown), 
which in Ais instance did not have ADP-glucose pyrophosphorylase. Since the crude extract 
might have unknown inhibiting substances against m vzfro starch synthase activity, 
separation by native polyacrylamide gel electrophoresis (zymogram) was employed as 
described (Dinges et al., 2003). This method was successful in detecting DU1F activity as 
shown in Figure 2.7 A. However, zymogram could not detect this activity in the cells grown 
in the selective minimal medium. Cells grown in rich YPD medium did show starch synthase 
activity. This was consistent with Western blot results (Figure 2.8A). The DU1F protein band 
was not detected from the cells grown in the selective minimal medium, whereas the same 
protein was clearly detected from the cells grown in rich YPD medium. The expression level 
of DU1F appeared to be the same for the strain DUIF/BEIIa/AGP and DUIF/BEIIb/AGP 
according to Western blot. Even though DU1C showed starch synthase activity in E. 
(Cao et aL, 1999), its activity in yeast could not be detected by any methods described above. 
Its expression and activity could only be observed indirectly by stained cells upon being 
exposed to iodine vapor. 
Branching enzyme activity was determined by phosphorylase a stimulation assay 
(Seo et aL, 2002). This assay could detect significantly high branching enzyme activity from 
DUIF/BEIIa/AGP and DUIC/BEIIa/AGP. However, DUIF/BEIIb/AGP did not show any 
detectable branching enzyme activity compared to the negative control (gsyl-2-glc3-) (data 
not shown). The same result was obtained from the zymogram analysis (Colleoni et aL, 
2003). Figure 2.7B shows significantly high activity from DUIF/BEIIa/AGP and 
DUIC/BEIIa/AGP. The results from these two different methods were the same regardless of 
whether the cells were grown in selective minimal medium or rich YPD medium. BEHb was 
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Figure 2.7. Zymogram analysis. Crude extract of yeast cells grown in YPD liquid medium 
was prepared by glass beads disruption method and separated by native polyacrylamide gel 
electrophoresis. The same amount of extract was loaded to each lane. (A) SS zymogram (B) 
BE zymogram. The lanes are as follows: lanel, Y-2159; lane2, gsyl-2-; lane3, DU1F/AGP; 
lane4, DUIC/AGP; lane5, gsyl-2-glc3-; lane6, DUlF/BEHa/AGP; lane?, DUlF/BEIIb/AGP; 
laneS, DUlC/BEHa/AGP. 
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Figure 2.8. Western blot analysis. Crude extract of yeast cells grown in YPD medium or 
selective minimal medium was prepared by glass beads disruption method and separated by 
SDS-PAGE. The same amount of extract was loaded to each lane. (A) Western blot with 
anti-DUlF antibody (1:2000). The crude extract was prepared from the cells grown in YPD 
medium. The lanes are as follows: lanel, gsyl-2-glc3-; lane2, DUlF/BEIIa; lane3, 
DUlF/BEHb. (B) Western blot with anti-BEII antibody (1:5000). The crude extract was 
prepared from the cells grown in YPD medium. The lanes are as follows: lanel, gsyl-2-glc3-
; lane2, DUlF/BEIIa; lane3, DUlF/BEHb. (C) Western blot with anti-BEII antibody 
(1:5000). The crude extract was prepared from the cells grown in selective minimal medium. 
The lanes are as follows: lanel, DUlF/BEHa/AGP; lane2, DUlF/BEHb/AGP; lane3, 
DUlC/BEHa/AGP. 
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present as a faint band only in Western blot where protein was extracted from the cells grown 
in rich YPD medium (Figure 2.8B) and BEIIa was shown to be expressed similarly in both 
DUlF/BEIIa/AGP and DU 1 C/BEUa/AGP strains (Figure 2.8C). The native glycogen 
branching enzyme was not detected by zymogram analysis (Figure 2.7B). However, 
phosphorylase a stimulation assay using the yeast crude extract showed significant activity 
and zymogram analysis using die glycogen-containing native gel showed similarly stained 
band as BEIIa (data not shown). Considering the positions of these stained bands and die 
genotypes of the strains, the major transparent bands observed in lanes 1,2,3 and 4 appeared 
to be the glycogen branching enzyme. The differences in branching action between glycogen 
branching enzyme and BEIIa seemed to result in different staining patterns (Figure 2.7). 
Discussion 
The results of this study indicate that functional interactions that determine the glucan 
structure occur in vivo between maize DU1 and BEIIa. The yeast two-hybrid system results 
show clearly that a structure occurring within the N-terminal region of DU1 is able to bind to 
full-length BEHa. This positive interaction in the transcriptional activation assay was 
observed in reciprocal combinations, i.e. when DU1 was fused to the GAL4 activation 
domain and BEHa to the DNA binding domain, and vice versa. BEHa and DU1-N"** were 
both tested in the two-hybrid system for binding to numerous other starch-metabolizing 
enzymes, and were found to interact with several of them. Each protein was tested for 
binding to unrelated control proteins, however, with negative results. Furthermore, BEHb 
was tested for interaction in the two-hybrid system with DU1-N"* and none was observed. 
Thus, we conclude that the binding between BEHa and DU1-N"* is a specific interaction. 
Additional evidence for interaction between DUl and BEHa comes from the 
successful metabolic engineering of yeast to produce glucans using these two enzymes. Here 
we show that the catalytic domain of DUl, or the full-length protein, was able to produce 
ghican polymer of appreciable size in yeast, and the BEs of maize had previously been 
shown to function in this heterologous host (Seo et aL, 2002). The presence of the N terminus 
of DUl, compared to its absence when only the catalytic domain was expressed, has only a 
small effect when the brandling enzyme is Glc3p. This effect is evident from the moderate 
increase in chains of DP 6 to DP 9 when the N terminus is present as compared to its 
absence. Comparing the presence and absence of the DUl N terminus when the only 
branching enzyme present is BEHa revealed an entirely different qualitative effect, which 
also was quantitatively more extreme. The results show that the N terminus of DUl functions 
differently when the branching enzyme is BEHa than when it is Glc3. We propose that this 
fact results from direct binding between BEHa and DUl, as has been shown to occur in the 
context of the two-hybrid system. Alternatively, DUl may function in an identical fashion in 
all instances, but the binding between DUl and BEHa may regulate activity of the maize 
branching enzyme, whereas the yeast branching enzyme is not expected to bind to the maize 
protein and thus would function independently of the SS. Taken together, the data support the 
conclusion that physical contact between DUl and BEHa regulates the function of one or 
both of these enzymes, and thus the structure of their glucan product. The data also indicate 
that at least one of these enzymes affects the activity of the other. If this were not the case, 
and SS and BE were acting independently, then the same general trend in chain length 
frequency difference should occur between the DUIF and DU1C strains regardless of the BE 
that is present 
One possible explanation for the results is that the DUl N terminus is an inhibitor of 
BEHa action, such that there is less branching occurring and hence less cleavage of the linear 
chains produced by the SS. This would result in the observed decrease in short chain 
frequency when the N terminus is present. A related possibility is that the large DUl N 
terminus physically excludes BEHa to some extent from access to the polymer, hence 
reducing cleavage and the frequency of shorter chains. Another possible explanation is that 
BEHa stimulates the activity of DUl through interactions at the N terminus. Thus the full-
length protein would produce glucans with more long chains as compared to the product of 
the catalytic domain, which would not be stimulated by the BE. Whatever 6e explanation for 
the different structures produced by DUIF and DU1C in the presence of BEIIa is, the same 
situation is not occurring when the branching enzyme is Glc3p. Thus, Glc3p may not be able 
to differentially stimulate DUIF, or may not be inhibited or restricted from access to the 
growing glucans by the DUl N tenninus. 
Functional differences observed when comparing the presence or absence of the DUl 
N terminus wee also indicated by the amount of total glucan polymer accumulated in yeast. 
When Glc3p is the operative branching enzyme, full-length DUl produced less total glucan 
than did the catalytic domain only. In contrast, when BEHa was operative, full-length DUl 
produced more glucan than did the catalytic domain, as if the N terminus is a positive 
regulator of SS activity. Again, .the function of the synthase appears to be differentially 
affected by the identity of the branching enzyme. 
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These findings provide a potential molecular mechanism that can explain the 
pleiotropic effects of dM- mutations on other enzyme activities. The fact that mutations in 
this locus, which codes for SSm, reduce the BE activity observed in specific anion exchange 
fractions could be explained by the same functional interaction between the two enzymes 
(Boyer and Preiss, 1981). DU1-N"** also interacted in the two-hybrid system with other 
starch-metabolizing enzymes, including two DBEs (SU1 and ZPU1), and SSI. Presuming 
that these interactions occur in the native ;» vivo situation, alteration of DUl could change 
the function of these other enzymes, which might explain additional known pleiotropic 
interactions, for example, between the and aw 7 loci (Mangelsdorf^ 1947), or the 
stimulation of an SS activity in total kernel extracts when DUl is missing (Cao et al., 1999). 
Together the data support the concept of a high degree of physical coordination between the 
enzymes that synthesize amylopectin and the hypothesis that such physical interaction is a 
major determinant of starch structure. 
Interestingly, glucan with significantly different structural features was produced by 
DU 1 F/BEIIb/AGP compared to DUlF/BEIIa/AGP. In this instance, die different level of 
protein expression between BEHa and BEIIb was considered to be die major factor to make 
this extreme difference although we could not rule out other possible reasons such as inherent 
differences between theses two BEE isofbrms and the protein-protein interaction between 
BEHa and DUl. Whatever the reason is, die results indicated that BE can be an important 
determining factor for chain length distribution of glucans and the metabolic engineering of 
yeast could achieve distinct outcome products from the distinct combinations of the proteins. 
In this heterologous expression system, however, SSI did not complement glycogen 
synthases based upon iodine staining of the transformed cells; that is the staining pattern was 
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not different from the knockout strain. Although this protein was active when it was 
expressed in & cof; (Imparl-Radosevich et al., 1998; Knight et al., 1998), expression in yeast 
did not show any activity. The reason could be understood in terms of different preferred 
chain lengths between SSI and BEs. SSI was shown previously to be catalytically active in 
elongating glucan chains shorter than DP 10 (Commuri and Keeling, 2001), whereas the 
minimum chain length requirement for branching enzyme activity of BEE and & co/% 
glycogen branching enzyme was shown to be DP 12 (Guan et al., 1997). The difference in 
these preferences may explain why SSI did not complement in this heterologous expression 
system. Co-expression of SSIIa or DUl to further elongate glucan with SSI and BEs might 
result in accumulation of glucan of novel structural features. 
This study is the first example of the combined expression of SS and BE in a 
heterologous expression system where the glycogen biosynthetic machinery was disrupted. 
Therefore, the results obtained here bear significant importance in terms of revealing 
different interactions among enzyme isofbrms and producing novel glucan products. Since 
many mutations in starch biosynthetic enzymes have been identified and the biochemical 
properties of the isofbrms have been characterized, the coordinated functional studies with 
the various isofbrms and substrate molecules is required as the next step. This study and 
subsequent efforts incorporating other isofbrms in die heterologous expression system may 
be able to answer many more questions about the mechanism of starch biosynthesis. 
Materials and Methods 
Recombinant plammkb 
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EscAencAw cof; g/gC, which codes for ADP-glucose pyrophosphorylase, was 
amplified by P/û DNA polymerase from genomic DNA of XLl-Blue MRF'. g/gC fragments 
were cloned into boA an integrative plasmid (pYX, Novagen, Madison, WI) and an episomal 
plasmid (named as pGLGC-222x containing TP/ promoter and and pGLGC-232x 
containing TP/ promoter and TRP/), and the nucleotide sequences were analyzed. Full-
length starch synthase I (SSI) cDNA was obtained from pExslO (Knight et al, 1998). Starch 
synthase m (SSDI) or DUl full-length (DUIF) cDNA and C-terminal region (DU1C) cDNA 
(449 C-terminal residues, positions 1226 to 1674) were obtained from pHCl and pHC6, 
respectively (Cao et al., 1999). These cDNAs were cloned into pYX-012 containing the TP/ 
promoter and C/&43 to make pSSl-012, pDUlF-012 and pDUlC-012. Plasmids to express 
branching enzymes were prepared as previously described (Seo et al., 2002) to make pSBEI-
022, pSBEIIa-022 and pSBEIIb-022 containing TP/ promoter and A7&3. In each instance, 
transcription initiates within the TP/ promoter. The plasmids were constructed so that the 
amino terminus of each expressed cDNA matches the amino terminus of the mature protein 
found within amyloplasts if the sequence of mature protein is known. Each plasmid was 
linearized at a unique restriction site prior to transformation of yeast except for episomal 
plasmids. Complementation of yeast glycogen synthases and both of glycogen synthases and 
branching enzyme was identified by color change of the resulting colonies after exposing 
cells to iodine vapor. Yeast strains containing pYX-222x or pYX-232x, the empty episomal 
vectors, were employed as negative controls. 
Strains 
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&KxVw%romyc« cereww/oe strains used in this study (Table 2.3) are congenic in the 
D273-10B/A1 genetic background (Tzagoloff et al., 1975). The gsyl-2- strain, lacking native 
glycogen synthases, was constructed from nonmutant strain Y-2159 by replacing the 
coding sequence with and coding sequence with kanamycin/geneticin resistance 
gene km' from plasmid pFA6-kanMX4 (Wach et aL, 1994). The gsyl-2-glc3- strain, lacking 
glycogen synthases and glycogen branching enzyme, was constructed from nonmutant strain 
Y-2159 with additional auxotrophic markers and fy&2. GSY/ was replaced by 1EC/2 and 
was replaced by hygromycin B resistance gene ApA from plasmid pAG32 (Goldstein 
and McCusker, 1999). was replaced by kanamycin/geneticin resistance gene tan' from 
plasmid pFA6-kanMX4 (Wach et aL, 1994). Gene replacement was confirmed by PGR or 
Southern hybridization. Integrative transformation with linearized plasmids produced the 
yeast strains expressing maize starch synthases in gsyl-2- strain and maize starch synthases 
and maize starch branching enzymes in gsyl-2-glc3-. Yeast strains were grown at 30°C on 
YPD complete agar medium or SD minimal selective medium supplemented with 
auxotrophic requirements. YPD agar supplemented with 200 mg/L geneticin or 200 mg/L 
hygromycin B was also used to select transformants. 
Nacleodde compounds analysis 
Yeast nucleotide compounds were quantified using a modification of the method 
described by Shannon et al. (1996). Yeast cells were grown in 50 ml YPD medium 
inoculated with 5 ml pre-saturated culture at 30°C, 180 rpm, 20 hrs. Cells were harvested by 
centrifugation at 5000g, 4*C, 5 min, washed twice with ice-cold water, in a weighed 
centrifuge tube. The cell pellet was weighed and quick-frozen in liquid nitrogen. Cells were 
lysed by vortexing while still frozen in the presence of about 1 g of glass beads per 0.1 g cell 
weight in 1 ml of 0.8 M HCIO4. Glass beads and insoluble material were removed by 
centrifugation at 2500g for 5 min. This pellet was washed twice with 1 ml of water and all 
supematants were combined. The lysate was extracted with an equal volume of 0.5 M tri-N-
octylamine in 1,1,2-thchlorotrifluoroethane. The organic phase was back-extracted twice 
with 1 ml of water, and all of the aqueous phases were combined and evaporated to dryness. 
The resulting material was «suspended in water and analyzed by ion-paired HPLC using an 
Absorboshpere Nucleotide/Nucleoside column (Alltech, Nicholasville, KY) on a Perseptive 
Biosystems Biocad Sprint HPLC. The absorbance of the eluant was monitored by UV 
spectroscopy at 260 nm. Peaks were identiSed by co-elution with standard compounds, and 
were quantified by integration using the program Igor Pro (WaveMetrics, Lake Oswego, OR) 
and comparison of the resulting peak areas to a standard curve constructed from 
chromatograms produced by loading different amounts of standard compounds. 
Analysis of glucan polymers 
Cells were grown in 10 ml liquid minimal medium 30*C, 180 rpm, 42 hrs and 
transferred to 200 ml minimal medium followed by 48 hrs of incubation in the same 
conditions. 
For chain length distribution assays, the hot alkali procedure was employed as 
described (Gunja-Smith et al., 1977). Total glucan obtained using this procedure was 
quantised by Starch assay kit (Boehringer Mannheim, Indianapolis, IN). 100 pg of glucan 
was debranched by isoamylase (Megazyme, Bray, Co. Wicklow, Ireland) and purified by 
0.45 pm centrifugal filter device (Millipore, Billerica, MA). Purified glucan chains were 
dried, labeled and analyzed by fluorescence-assisted carbohydrate electrophoresis (FACE) as 
described (O'Shea et al., 1998; Dinges et al., 2003). 
To determine the size distribution of glucan, further purification was conducted as 
described by Seo et al. (2002). In this instance, total glucan obtained by hot alkali procedure 
was subject to 1 % SDS solution instead of mechanical disruption of the cells. The following 
steps were same as described (Seo et aL, 2002). The glucan obtained from this procedure was 
loaded to Sepharose CL-2B (Pharmacia, Uppsala, Sweden) gel permeation chromatography 
column (1.5 cm x 75 cm) and eluted by 10 mM NaOH. The eluant was collected by 96-well 
block (54 drops/well). Separated glucan samples were quantified by standard glucose assay 
kit (Sigma) or by measuring the reducing ends of glucose (Fox and Robyt, 1991) after 
degradation by amyloglucosidase (Megazyme, Bray, Co. Wicklow, Ireland). 
Enzyme activity assays and Western blots 
Cells were grown in both 50 ml minimal medium and 10 ml YPD rich medium. The 
cells in the minimal medium were grown in the same conditions as the one for the glucan 
analysis except for total 50 ml culture instead of 200 ml culture. The cells in 10 ml YPD 
were grown as described (Seo et al., 2002). The harvested cells were broken by glass beads 
and the crude extract was obtained (Seo et al., 2002) and quantified (Bradford, 1976) as 
described. 
To determine the activity of each glucan synthase, three different assay methods were 
employed. Zymogram analysis was performed as described (Dinges et aL, 2003) and the 
methods described by Nakamura et al. (1989) and Cao et al. (1999) were also employed. For 
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branching enzyme activities, zymogram analysis (Colleoni et al., 2003) and the method by 
Seo et al. (2002) were employed. 
For Western blot analysis, the crude extracts obtained above were used to detect the 
level of expression of DUl, BEHa and BEIIb. 
Yeast two-hybrid 
& cerevkigg strains used for yeast two-hybrid experiments were PJ69-4A (James et 
aL, 1996) and YRG-2 (Stratagene, La Jolla, CA). Maize (Zeo maya) cDNAs of SSs (SSI, 
three truncated versions of DUl), BEs (BEI, BEIIa, BEIIb) and DBEs (SUl, ZPUl) were 
subcloned into vectors of pGAD-C# and pGBD-C# (# is 1, 2, or 3 which was selected 
depending on the translational frame). These recombinant plasmids were co-transformed to 
express both DNA binding domain fusion proteins and transcriptional activation domain 
fusion proteins of GAL4 transcriptional activator (Table 2.1). Positive protein-protein 
interaction was identified by growth on synthetic complete medium without leucine, 
tryptophan, adenine, which is a highly stringent selection condition in PJ69-4A and by filter 
lift assay in YRG-2 following the instructions. 
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CHAPTER 3. PHYSICAL INTERACTIONS OF STARCH BIOSYNTHETIC 
ENZYMES IDENTIFIED BY AFFINITY CHROMATOGRAPHY 
A paper in preparation for submission to Plant Physiology 
Seungtaek Kim, Alan M. Myers, Martha G. James 
Abstract 
Biosynthesis of the semi-crystalline structure of starch granules is thought to be 
regulated by protein-protein interactions. Such interactions are suggested by many instances 
of pleiotropic phenotypic effects of mutations in genes that code for starch biosynthetic 
azymes, by positive signals in the yeast two-hybrid system, and by functional interactions in 
a recombinant i% vivo system. Also some instances of co-immunoprecipitation between 
specific starch biosynthetic enzymes have been reported. This study investigated whether 
certain starch biosynthetic enzymes physically bind to each other by employing affinity 
chromatography. Affinity columns containing Escherichia co/i expressed starch branching 
enzyme Ha (BEHa) specifically bound starch synthase I (SSI). Incubation of BEHa in the 
presence of maize endosperm cell extract and ATP, presumably allowing phosphorylation of 
BEHa, did not result in any obvious change regarding this interaction. This physical 
interaction was reciprocally confirmed by observing binding of BEHa to a SSI affinity 
column. In addition, the SSI column also bound a second branching enzyme isofbrm, BEIIb. 
Another protein that bound to the SSI column was identified by mass spectrometry and 
enzyme activity measurement as an invertase. The interaction between SSI and this cell-wall 
invertase-like protein is noteworthy because of the recent discovery of sucrose in the plastid 
and its direct utilization in starch biosynthesis. 
Introduction 
Starch, a collection of homopolymers of glucose, comprises amylose (~ 25 % of 
starch granule) and amylopectin (-75 % of starch granule). Amylose is mostly formed by 
o(l-»4) linked D-glucose units without o(l-»6) branch linkages and amylopectin is formed 
by both a(l-»4) and o(l-+6) linked D-glucose units with a specific branching arrangement. 
The synthesis of starch is mediated by starch synthases (SSs), starch branching enzymes 
(BEs) and starch debranching enzymes (DBEs) (For recent reviews, see Nakamura (2002); 
Ball and Morell (2003); James et al. (2003)). Starch synthases are responsible for formation 
of linear a(l-»4) linkage and starch branching enzymes catalyze formation of a(l-»6) 
branch linkages. Debranching enzymes hydrolyze o(l-*6) branch linkages and are thought 
to have a function required for the semi-crystalline amylopectin structure from genetic 
evidences (Ball et al., 1996; Zeeman et al., 1998; Myers et al., 2000; Burton et al., 2002; 
Bustos et al., 2004). 
There are at least five known starch synthase isofbrms in maize (Zea mays) (GBSSI 
(Nelson and Rines, 1962; Shure et al., 1983), SSI (Knight et al., 1998), SSIIa (Ham et al., 
1998; Zhang et al., in press), SSIIb (Ham et al., 1998), SSm/DUl (Gao et al., 1998)), and 
these are generally conserved in higher plants. Three different branching enzyme isofbrms 
(BEI (Blauth et al., 2002), BEHa (Blauth et al., 2001), BEIIb (Stinard et al., 1993)) exist in 
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maize as do four different debranching enzyme isofbrms (SUl (James et al., 1995; Rahman 
et al., 1998), IS02, IS03, ZPUl (Beatty et al., 1999; Wu et al., 2002; Dinges et al., 2003)). 
The seemingly straightforward biosynthesis of starch, however, is considered 
complicated compared to the relatively simple biosynthetic mechanism of glycogen. One 
complicating Act is that many isofbrms are involved in each of the simple chemical reaction 
steps as described above. Although kinetic analysis of each isofbrm has contributed a lot to 
understanding of starch biosynthesis (Takeda et al., 1993; Rahman et al., 1998; Cao et aL, 
2000; Wu et al., 2002), it has not been able to address directly how the semi-crystalline 
structure of starch is achieved. Various pleiotropic effects by the mutations of each isofbrm 
also have hampered understanding of their specific roles in starch biosynthesis when genetic 
means were used. All these phenomena suggest that there might be very intricate regulation 
in the starch biosynthetic machinery such as protein-protein interaction (Tetlow et al., 2004). 
An additional complication is that post-translational modifications including phosphorylation 
(Tetlow et al., 2004) and reduction/oxidation by thioredoxin (Cho et aL, 1999; Wu et aL, 
2002) are implicated in regulating interactions between starch biosynthetic enzymes. For 
example, the recent report from Tetlow et al. (2004) showed the protein complex formation 
among BEI, BEIIb and starch phosphoiylase. This complex formation was dependent on 
phophorylation of the proteins and the effect of the phophoiylation was again displayed by 
the change of branching enzyme activity of BEIIa and BEIIb. 
Since the protein-protein interaction is considered as one of the main regulating 
factors affecting starch biosynthesis, we investigated this phenomenon by employing affinity 
chromatography. The employment of affinity column based on & co/i expressed recombinant 
proteins has been very rewarding (Kellogg et al., 1995; Kellogg and Murray, 1995; Altman 
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and Kellogg, 1997; Carroll et al., 1998), specifically in seeking novel proteins, which had not 
been known to interact with the E. co/z expressed recombinant protein. In this study, the 
advantage of affinity chromatography was coupled with mass spectrometry to identify 
proteins that bound the E. cof; expressed starch biosynthetic enzyme. This approach is 
expected to compensate for die limit of yeast two-hybrid experiments (Chapter 2) and co-
immunoprecipitadon experiments, which were conducted only among die starch biosynthedc 
enzymes and their andbodies. 
The specific interacdon between SSI and BEE isofbrms and die interacdon between 
SSI and cell-wall inveitase-like protein found in this study using the above methods may 
have significant physiological implicadons in starch biosynthedc mechanism. 
Results 
Proteins that bind to the BEHa affinity column 
In an efbrt to identify possible protein-protein interactions among starch biosynthedc 
enzymes, a BEHa affinity column was prepared. Recombinant BEIIa protein with an N-
terminal S-tag sequence, expressed in & co#, was purified by attachment to S-protein 
agarose beads. These beads were then used as an affinity column matrix. A pre-column was 
also prepared using BSA immobilized on an Afd-Gel 10 as a means of removing non­
specific protein-protein interacdons prior to sample applicadon to the BEIIa column. Freshly 
prepared crude extract of maize kernels was loaded to the BSA pre-column and the eluant 
from this column was directly applied to BEHa column by placing the two columns verdcally 
in series. The BEIIa column was then washed with at least five bed volumes of washing 
buffer (100 mM KC1) and eluted by applying a step-wise gradient of salt buffer solution (200 
- 1000 mM KC1). Proteins in fractions obtained by this method were concentrated by ultra­
filtration and dried. 
Proteins in the concentrated fractions were dissolved in SDS sample loading buffer, 
separated by SDS-PAGE, and visualized by Coomassie blue staining (Figure 3.1). Only one 
band visible by Coomassie blue staining eluted from the column, which had an apparent 
molecular mass of - 60 kD. This protein was identified as Hsp60 from & co# by MALDI-
TOF and N-terminal sequencing analysis. The explanation for the fact that this protein comes 
from the E. coA host cells in which the recombinant BEIIa was produced, and not from the 
maize extract, is not immediately obvious. Extensive washing of the BEIIa affinity column in 
1 M KC1 buffer, or in a buffer containing 150 mM NaCl, 1% Triton X-100 and 0.003% SDS, 
prior to the application of the maize extract, did not release any & coA Hsp60 from the 
column. After the maize extract was applied, however, the & coA protein eluted from the 
column at a KC1 concentration of200 mM. Thus, the association of 2T. coA Hsp60 with maize 
BEHa appears to be relatively stable, and there may be some Actor in the maize extract that 
weakens this interaction. In a control experiment, a column series was constructed that was 
identical to the BEHa column except that there was no protein coupled to the S-protein 
agarose beads. In this instance, no 60 kD band was observed, indicating that the association 
of Hsp60 to column depended on BEIIa and could not be explained by interaction with the 
matrix (data not shown). 
Western blot analysis was used to seek to identify specific interacting proteins that 
may have bound and been eluted from the BEHa column, but were in low abundance and so 
could not be detected by Coomassie blue staining. The proteins present in the eluted tactions 
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Figure 3.1. SDS-PAGE and Western blot analysis of the fractions from BEHa column. The 
fractions collected from afBnity column were concentrated for these analyses. The numbers 
left of the panels indicate molecular masses determined by protein standards, (top) SDS-
PAGE stained by Coomassie staining solution. The arrow indicates Hsp60 from É. co#. 
(bottom) Western blot analysis against anti-SSI antibody (1:1,000). The lanes are as follows: 
lanel, washing #2; lane2, washing #4; lane3, elution (200 mM KC1); lane4, elution (400 mM 
KC1); lane5, elution (600 mM KC1); lane6, elution (800 mM KC1); lane7, elution (1M KC1). 
were subjected to Western blot analysis using anti-SSI antibody as the probe. A specific 
signal of the approximately 70 kD was detected in the proteins that eluted from 200 - 600 
mM KC1, with a clear peak at 400 mM KC1 (Figure 3.1). Thus, it appears that SSI binds 
specifically to BEHa. The same approach was used to examine for the starch synthase 
SSm/DUl, however, in this instance the antibody failed to detect any signal. 
Proteins that bind to the SSI afBnlty column 
An SSI column and BSA pre-column series was prepared similarly as described 
above for the BEHa column. Fraction collection and preparation for SDS-PAGE and Western 
blot analysis were also the same as described above. Coomassie blue staining of the 
polyacrylamide gel after SDS-PAGE showed several eluted protein bands (Figure 3.2). None 
of those bands were observed when the control column lacking any S-tag fusion protein was 
used (data not shown). Mass spectrometry (MALDI-TOF) identified two of these proteins. 
The band that migrated at approximately 60 kD was again identified by MALDI-TOF mass 
spectrometric analysis of tryptic peptides as E. co/x Hsp60. The behavior of this E. co# 
protein in (he regard that it was not eluted by high salt or 1% Triton X-100/0.003 % SDS 
washes, but was eluted at 200 mM KC1 after application of the maize extract, is the same as 
was observed for the BEHa column. A second Coomassie blue stained protein, migrating at 
approximately 70 kD, fitted best with cell-wall invertase isofbrm INCW2 from maize. This 
protein will be discussed in further detail in a following section. The third obvious 
Coomassie blue stained protein, of approximately 50 kD, could not be identified by the 
MALDI-TOF data. 
Western blot analysis was again used to test whether specific starch biosynthetic 
72 
6 7 
75 
50 
25 
Figure 3.2. SDS-PAGE and Western blot analysis of the fractions from SSI column. The 
fractions collected from affinity column were concentrated for these analyses. The numbers 
left of the panels indicate molecular masses determined by protein standards, (top) SDS-
PAGE stained by Coomassie staining solution. The top arrow indicates cell-wall invertase-
like protein. The middle arrow indicates Hsp60 from & co#. The bottom arrow indicates 
unidentified protein, (bottom) Western blot analysis against anti-BEII antibody (1:5,000), 
which recognizes both BEIIa and BEIIb isofbnns. The lanes are as follows: lanel, washing 
#2; lane2, washing #4; lane3, elution (200 mM KC1); lane4, elution (400 mM KC1); lane5, 
elution (600 mM KC1); lane6, elution (800 mM KC1); lane7, elution (1 M KC1). 
enzymes may have bound and eluted from the SSI column. An antibody (hat recognizes both 
BEIIa and BEIIb produced signals that peaked in the 400 mM KC1 fraction (Figure 3.2). The 
mobility of these proteins corresponded precisely with what is known for BEIIa and BEIIb in 
total maize extract Thus, it appears that both BEIIa and BEIIb bind specifically to SSI. The 
Act that the binding between BEIIa and SSI was observed in the reciprocal experiment, i.e., 
SSI to the BEIIa column and BEIIa to the SSI column, is strong evidence in favor of a 
specific interaction between these two starch biosynthetic enzymes. 
An Invertase elntes from the SSI affinity column 
Since the cell-wall invertase (INCW2) has been reported to localize in the apoplastic 
region and the wall ingrowths of the basal endosperm transfer cells (Cheng et al., 1996) 
whereas SSI is known to exist in the plastid, it had to be clarified whether die interaction 
between SSI and INCW2, described in the previous section, is physiologically relevant or 
just non-specific interaction. 
An invertase activity assay was used to further test whether or not such a protein 
associated with die SSI afGnity column has sucrose hydrolyzing activity. Aliqouts 6om each 
elution fraction were incubated with sucrose, and the glucose produced was quantified. 
Invertase activity was observed in the column eluants (Figure 3.3), and the range and peak 
fractions corresponded precisely with the peak of Coomassie blue staining that corresponded 
to the protein similar to INCW2. 
A second test used Western blot analysis with an antibody raised against INCW1, 
which is known to react also with INCW2 (Carlson and Chourey, 1999). A faint signal was 
observed in the same column fractions that also exhibited both invertase activity and 
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Figure 33. Invertase activity determined for each fraction collected from SSI column. The 
amount of glucose released by invertase activity was obtained by subtracting the value for the 
negative control column. 
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Coomassie blue staining of protein that fits best with INCW2 (Figure 3.4). 
Considering that the sensitivity of Coomassie blue staining is as low as 0.1 pig 
(Sambrook et al., 1989) and the sensitivity of Western blot analysis is as low as 500 pg 
(manufacturer's instruction), and that the invertase protein is easily visible by Coomassie 
blue staining, a much stronger signal had been expected from the same amount of sample 
loading in the Western blot analysis. The contrasting results from the Coomassie blue 
staining and the Western blot analysis suggested the possibility that the - 70 kD signal might 
originate from an unidentified protein, which is similar to cell-wall invertase. Thus, the 
comparatively weak signal in the Western blot might be explained by a weak cross-reaction 
of a novel invertase with the antibody raised against the INCW1 isofbrm. This idea had led to 
the N-terminal amino acid sequencing analysis. The result showed that the first five amino 
acids from the stained protein band at - 70 kD were Ala(or Ser)-Lys-De-Gln-Gly (Figure 
3.5). A BLAST search could not find any appropriate protein corresponding to this peptide 
region even though it was also considered that this could be an internal sequence prior to 
transit peptide cleavage. 
Taken together, these data indicate that a novel invertase isofbrm, with significant 
similarity to INCW2, binds specifically to the SSI column, and that this protein is an active 
invertase enzyme. 
Since more than 85 % of total endosperm SSI is strongly associated with starch 
granules (Mu-Forster et al., 1996), granule bound proteins were investigated to check 
whether this cell-wall invertase-like protein is also associated with starch granules. Western 
blot analysis using anti-INCWl antibody could not detect the same band that ehites from the 
SSI column (data not shown). However, slightly smaller sizes of bands (approximately 50 -
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Figure 3.4. Western blot analysis of the fractions collected from SSI column (1:1,000). The 
fractions collected by affinity column were concentrated for this analysis. The antibody 
recognizes both INCW1 and INCW2 isofbnns. The numbers left of the figure indicate 
molecular masses determined by protein standards. The lanes are as follows: lanel, washing 
#1; lane2, washing #3; lane3, washing #5; lane4, elution (200 mM KC1); lane5, elution (400 
mM KC1); lane6, elution (600 mM KC1); lane7, elution (800 mM KC1); lane8, elution (1 M 
KC1). 
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Figure 3.5. PVDF membrane for N-terminal sequencing. The numbers left of the figure 
indicate molecular masses determined by protein standards. The protein band indicated by 
arrow was analyzed for N-terminal sequencing by Edman degradation. 
65 kD) were detected by this antibody in the granule bound protein fraction, which could not 
be seen in the crude extract. 
Phosphorylation efbct on BEIIa Interaction 
Based on the recent report that protein phosphorylation is important in die regulation 
of starch branching enzyme activity and its protein-protein interactions (Tetlow et al., 2004), 
BEIIa protein was investigated to see whether its phosphorylation has any effect on the 
interaction behaviors. # co# expressed recombinant BEIIa was purified using S-protein 
agarose beads as described above. This BEIIa-agarose suspension was mixed with crude 
extract of maize kernels and divided into two parts. Only one part was then incubated with 
ATP to induce any possible phosphorylation of BEIIa protein while the other part was 
incubated without ATP. Both BEIIa-agarose suspensions were poured into the empty 
columns to conduct affinity chromatography. In this instance, the BSA pre-column was not 
employed. Figure 3.6 shows the polyacrylamide gels stained by Coomassie blue staining 
solution and many protein bands were observed, which could not be seen with BSA pre-
• 
column. However, the two gels did not show any obvious differences regarding protein-
protein interactions. 
Discussion 
Protein-protein interaction was investigated in this study by employing affinity 
columns. BEIIa column and SSI column helped to discover the interaction between SSI and 
BEIIa as well as the interaction between SSI and BEIIb by Western blot analysis. The 
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Figure 3.6. SDS-PAGE stained by Coomassie staining solution. The fractions from BEIIa 
columns were concentrated and separated by SDS-PAGE. The fractions for the left panel 
were from BEIIa column incubated with ATP whereas the fractions for the right panel were 
from BEIIa column incubated without ATP. The numbers left of the panels indicate 
molecular masses determined by protein standards. The lanes are as follows: lanel, elution 
(200 mM KCl); lane2, elution (400 mM KCl); lane3, elution (600 mM KCl); lane4, elution 
(800 mM KCl); lane5, elution (1 M KCl). 
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interaction between SSI and BEIIa was also observed in co-immunoprecipitation (R.M. 
Marsh, unpublished observation) and yeast two-hybrid (Chapter 2) although only a uni­
directional interaction was found in the yeast two-hybrid experiment. These three 
independent experimental results support strongly the interaction between SSI and BEIIa as a 
physiologically relevant interaction in the plastid. The functional significance of this 
interaction, however, still remains to be answered in part due to the failure to produce glucan 
in the heterologous expression system by the combination of SSI and BEIIa (Chapter 2). The 
combination of SSI and BEIIb also could not produce glucan in the heterologous expression 
system. 
The expression and purification of BEIIa and SSI in E. co# has produced E. co# 
Hsp60 as by-product, which was also observed in SU1 purification from & co# with almost 
1:1 molar ratio of SU1 and Hsp60 (data not shown). Treatment with high concentration of 
salt or detergent could not remove this E. co# protein. Although this sticky protein was 
suspected to be able to induce non-specific protein-protein interactions in the affinity 
columns, the comparison between BEIIa and SSI column experiments as well as other 
independent experimental results (co-immunoprecipitation and yeast two-hybrid) indicated 
that it was not the case. The Coomassie blue stained polyacrylamide gel showed different 
proteins, which indirectly demonstrated that they were not from the non-specific interaction 
withHsp60. 
In addition to BEE isofbnns, the SSI column was able to detect a cell-wall invertase-
like protein as its binding partner. INCW2, an isofbrm of maize cell-wall invertase, was 
found to be die best fitting protein based upon the mass spectrometry (MALDI-TOF) 
analysis. Its molecular mass (~ 70 kD), invertase activity and Western blot analysis appeared 
to support strongly that this was the cell-wall invertase isofbrm (INCW2), which is also 
known as the major invertase isofbrm in developing maize kernels (Carlson and Chourey, 
1999). However, its cellular location, which is the apoplastic region and the wall ingrowths 
of the basal endosperm transfer cells (Cheng et aL, 1996), does not match with the location of 
SSI in die plastid. Employment of a BSA pre-column, which acts as a filter to remove 
proteins with non-specific interactions prior to the affinity column, implies that this 
interaction is not the result of a random binding event. The result of sequencing the N-
terminal amino acids determined that this protein was not INCW2. The BLAST search of the 
short peptide sequence could not find any appropriate protein matching the sequence. Thus, 
this protein appears to be a novel, unidentified protein, which is similar to cell-wall invertase 
isofbrm. No invertase in the plastid has been reported in maize. However, the possibility that 
one exists is supported by the rice genome research. Several rice invertase isofbnns 
(GenBank Accession Number AAK72493, AAP03410.1, AA025633.1) are predicted to 
localize in the plastid fhttp://www gmmene nrgA Also, the existence of this enzyme utilizing 
sucrose in the plastid seems to be highly plausible based upon the clear experimental 
demonstration by Gerrits et al. (2001) and Mukerjea and Robyt (2003). Gerrits et al. (2001) 
demonstrated the existence of substantial amount of sucrose in the plastid by introducing a 
sucrose-metabolizing enzyme in the plastid and later Mukerjea and Robyt (2003) showed that 
sucrose could be used as a substrate to produce a highly branched material when incubating 
starch granules and sucrose, although starch synthases in starch granules were implied to 
participate in this process. The role of a cell-wall invertase-like protein discovered in this 
study has not been fully investigated yet. However, the Act that it binds specifically with SSI 
seems to indicate a function related to starch/sucrose metabolism in the plastid. Recently, a 
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novel cell-wall invertase-like protein, which has fructan 6-exohydrolase activity, has been 
repwted in sugar beet although its role w is still not known yet (Van den Ende et al., 
2003). This implies that there could be any invertase-like protein, which has a novel function 
in addition to sucrose hydrolysis m /p&m&z. Since the protein found in this study has not been 
sequenced completely, understanding its functional importance awaits further analysis 
including its isolation and characterization. 
Phosphorylation effect of BEIIa on protein-protein interaction was also investigated. 
The result clearly showed that no difference was found compared to the incubation without 
ATP and this agrees with the recent report by Tetlow et al. (2004). The pattern of protein 
bands, however, was quite different from the afGnity chromatography experiment that used a 
BSA pre-column, in which only single protein (Hsp60) was visualized. It seems to be 
difGcult to conclude that the other bands shown without BSA pre-column were from non­
specific protein-protein interactions. Since many protein-protein interactions were discovered 
from the yeast two-hybrid experiments (Chapter 2), which is not like the results from the 
afGnity chromatography experiments, it could be suspected that BSA pre-column might filter 
and remove many real interaction partners from the afGnity column. 
Materials and Methods 
Plasmid construction and growth condition 
Plasmids pHC16 and pHC18 were constructed based on pET-29a(+) (Novagen, 
Madison, WI) to express recombinant maize BEIIa and SSI, respectively. BL21(DE3) cells 
transformed by the plasmids were grown on the solid LB agar medium containing the 
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antibiotic kanamycin at 37*C, overnight. A single colony obtained from the solid agar was 
inoculated with 3 ml of LB liquid culture medium with kanamycin and grown at 37*C, 
overnight with shaking at - 280 rpm. 1 ml of the pre-culture was then transferred to fresh 50 
ml LB liquid medium with kanamycin, which was made duplicate to make a total of 100 ml 
of culture. The transferred cells were grown at the same condition for 2.5 hrs before 
induction by IPTG. The IPTG-induced cell culture was then moved to 25°C to express 
recombinant proteins for approximately 22 hrs prior to protein extraction. 
AfGnity column preparation 
The BSA pre-column was prepared using AfG-Gel 10 (Bio-Rad, Hercules, CA) 
following the method described by Kellogg et aL (1995). The AfG-Gel 10 slurry was poured 
into the empty Poly-Prep column (Bio-Rad, Hercules, CA) (bed volume ~ 3 ml). Residual 
isopropanol was drained and the column was washed by cold water by applying a vacuum. A 
BSA solution was prepared by dissolving 100 mg BSA in 5 ml of 50 mM HEPES-KOH (pH 
7.6) and 100 mM KCl, which was then mixed with AfG-Gel 10 by gentle shaking at 4°C for 
4 hrs. The coupling reaction was stopped by adding 250 pi of 1 M Tris-HCl (pH 7.5), which 
was followed by gentle shaking at 4*C. The coupling efficiency between BSA and AfG-Gel 
10 was determined after packing the gel slurry. Unbound BSA solution was collected by 
elution and the column was washed with 20 ml of 50 mM HEPES-KOH (pH 7.6), which also 
was collected and pooled with the prior elution. Quantitative determination of BSA by 
Bradford assay (Bradford, 1976) yielded the percentage value of the coupling between BSA 
and AfG-Gel 10. 
The starch biosynthetic enzyme columns were prepared following the expression of 
recombinant proteins. Cells grown and induced by IPTG were collected by centrifugation at 
5,000g for 5 min at 4°C. The cell pellet was suspended in sonicalion buffer (20 mM Tris-HCl 
(pH 7.5), 150 mM NaCl, 5 mM DTT, 0.1% Triton X-100, 1 mM PMSF) and mixed with 
lysozyme at 100 ng/ml followed by incubation at 30"C for 30 min. The sample was then 
sonicated and centrifuged again at 39,000g for 20 min at 4°C to remove debris. The 
supernatant was mixed with about 2 ml of S-protein agarose beads (Novagen, Madison, WI) 
by shaking gently at room temperature &r 45 min (bed volume - 1 ml). The unbound protein 
was separated by centrifugation at 500g for 10 min at 4°C and removed. The resulting pellet 
was washed by resuspending in IX Bind/Wash Buffer (20 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 0.1 % Triton X-100) and centrifugation at 500g for 10 min at 4°C. The supernatant 
was decanted and (his washing procedure was repeated three more times. The gel slurry was 
then poured into (he empty Poly-Prep column for packing. 
Sample preparation 
10 g of maize (Zeo maya) kernels (W64A, 20 DAP (days after pollination)) were 
ground by pestle and mortar in 10 ml of extraction buffer (50 mM Tris-acetate (pH 7.5), 100 
mM KCl, 1 mM DTT, 1 mM PMSF, 0.15 % Tween 20, IX Protease Inhibitor Cocktail 
(P2714, Sigma)) at 4*C. The extract was centrifuged at 10,000g for 30 min at 4*C. The 
protein concentration in (he supernatant was quantified (Bradford, 1976) and used for loading 
to afGnity columns. 
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AfGnity chromatography 
The BSA pre-column and die starch biosynthetic enzyme column were equilibrated 
by 5 bed volumes of washing buffer (50mM Tris-acetate (pH 7.5), 100 mM KCl, 1 mM DTT, 
0.05 % Tween 20, 10 % glycerol) prior to loading samples. Approximately 30 mg of protein 
extract (~ 3ml) was loaded onto the BSA pre-column, which was vertically connected to 
starch biosynthetic enzyme column. Thus, the eluant from the BSA pre-column directly 
flowed into starch biosynthetic enzyme column. Each elution procedure was conducted by 
gravity flow. After the solution has flowed out, die starch biosynthetic enzyme column was 
washed by 5 bed volumes of washing buffer while collecting each 1 ml of elution (total - 5 
ml). The elution buffer of stepwise gradient of salt concentration was applied by 1 ml each 
(200, 400, 600, 800 and 1,000 mM of KCl with 50 mM Tris-acetate (pH 7.5), 1 mM DTT) 
and the eluant was collected for each different concentration of salt. All die fractions 
collected were frozen until used except for their immediate use for the enzyme activity assay. 
The BSA pre-column was recycled by washing with 5 bed volumes of 50 mM Tris-
acetate (pH 7.5) and 2 M urea followed by washing with 5 bed volumes of 50 mM Tris-
acetate (pH 7.5). This column could be used many times with this recycling procedure. The 
starch biosynthetic enzyme column was washed by 5 bed volumes of 50 mM Tris-acetate 
(pH 7.5) and could be used a couple of times more within a week without significant change 
in binding capacity. 
Fraction analysis 
Fractions obtained from affinity columns were concentrated and desalted by UF 
membrane (Millipore, Billerica, MA) using 50 mM Tris-acetate (pH 7.5) or deionized water. 
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The concentrated solution at the bottom of the tube was dried by SpeedVac and dissolved in 
20 |il of IX loading buffer. SDS-PAGE and Western blot were conducted following the 
standard protocol (Sambrook et al., 1989). 
Protein bands visualized by Coomassie staining of polyacrylamide gel were sliced by 
razor blade, trypsin-digested and analyzed by mass spectrometry (MALDI-TOF) (Protein 
Facility, Iowa State University). The m/z ratios of digested peptides were used to identify the 
For N-terminal sequencing, the proteins separated by SDS-PAGE were blotted onto 
the PVDF membrane and stained by Coomassie following the instruction of the facility 
(Protein Facility, Iowa State University). The first five amino acids were identified by Edman 
degradation. 
Invertase away of fraction* from SSI column 
The assay for invertase activity was conducted following the method described by 
Weschke et al. (2003) with slight modification. 100 |il of reaction buffer (50 mM citric 
acid/NagHPO* (pH 4.5), 100 mM sucrose) was mixed with 100 pi of elution fraction. This 
mixture was incubated at 30*C for 30 min and the reaction was stopped by boiling for 2 min. 
Glucose liberated by invertase activity was quantified by Sucrose/D-Glucose/D-Fructose 
assay kit (Boehringer Mannheim, Indianapolis, IN). 
Isolation of starch granule bound proteins 
Starch granules were isolated from maize endosperm tissue (W64A, - 20 DAP) 
following the method described by Mu-Forster et al. (1996). Approximately 5 g of 
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endosperm removed from kernels was homogenized by pestle and mortar in 10 ml buffer A 
(1.25 mM DTT, 10 mM EDTA, 10 % glycerol, 50 mM Tris-HCl (pH 8.0)). The homogenate 
was filtered through two layers of Miracloth (Calbiochem) and the filtrate was centrifuged at 
15,000g fbr 15 min at 4°C. The supernatant and the yellow layer on top of the pellet were 
discarded by aspiration. The resultant granules were then washed twice each with buffer A, 
70 % ethanol and cold acetone, respectively. The final pellet was dried at 55*C. 
The samples for SDS-PAGE and Western blot were prepared by adding 200 (il of 
SDS sample loading buffer to 10 mg of dry granules. The mixture was boiled fbr 15 min and 
cooled down to room temperature. This was then centrifuged at 13,000g for 15 min at room 
temperature and 20 pi of the supernatant was loaded for SDS-PAGE. 
BED# afBnity column with ATP 
Recombinant BEIIa, which is bound to S-protein agarose beads (bed volume ~ 1 ml), 
was mixed with - 6 ml of protein extract from maize kernels. The mixture was then divided 
into two parts. 35 pi of 100 mM ATP was added to only one part and incubated with gentle 
shaking at room temperature for 20 min. The other part was incubated in the same conditions 
without ATP. These suspensions were then transferred to the empty Poly-Prep columns 
followed by treatment of washing buffer (10 bed volumes fbr each column). In this instance, 
BSA pre-column was not employed. After washing, the proteins bound to BEIIa were 
released by applying elution buffers of increasing salt concentration as described above. The 
collected fractions were concentrated, desalted and separated by SDS-PAGE as described 
above. 
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CHAPTER 4. SUMMARY AND CONCLUSIONS 
To understand complex starch biosynthetic mechanism, which is often hampered by 
die existence of many isofbnns of the involved enzymes and numerous pleiotropic effects, 
this study explored the functional interactions among starch biosynthetic enzymes, 
specifically focusing on physical association of the proteins. Two different methods of 
identifying protein-protein interactions were employed. They were the yeast two-hybrid 
system and affinity chromatography combined with mass spectrometry (MALDI-TOF). 
These approaches have been used to discover many protein-protein interactions, which 
together illustrate the complexity of biological events in die starch biosynthesis. One way to 
understand this complex phenomenon is to express single proteins or combinations of them 
in the heterologous expression systems. In this study we used yeast AzccAarowycw 
cerev&wze. 
Efforts have been made specifically to detect interactions between starch synthase 
and starch branching enzyme because this pair is the most critical enzymes responsible for 
synthesis of basic a(l-»4) linear and a(l-»6) branch linkages of glucan structure, 
respectively. DUIF and DUIC could complement yeast glycogen synthases Gsylp and 
Gsy2p along with expression of EacAericMa coW ADP-glucose pymphosphoiylase. 
Furthermore, combined expression of DUl (DUIF and DUIC) and starch branching enzyme 
(BEIIa and BEIIb) could complement the yeast glycogen biosynthetic machinery with 
expression of 2T. co/f ADP-glucose pyrophosphorylase. The major finding from the 
heterologous expression study was the different function of N terminus of DUl in 
conjunction with branching enzyme isofbnns. Previously, the N tenninus of DUl(SSm) was 
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suggested to be the unique region either to interact with other starch biosynthetic enzymes or 
to interact with starch polymers (Marshall et al., 1996; Gao et al., 1998). Here, this region 
was shown to interact physically with BEIIa. Moreover, the comparison of chain length 
distributions has led to the conclusion that this physical association influences the activities 
of both starch synthase and starch branching enzyme depending on the identity of branching 
enzyme isofbnns. Although further investigation is required, BEIIa and BEIIb were shown 
fbr the first time to be significantly different from each other in conjunction with DUl. BEIIb 
combined with DUIF produced the very unique glucan structure. SSI, however, could not 
complement glycogen synthases with any isofbrm of branching enzymes employed in this 
study despite the very interesting physical interaction between SSI and BEIIa discovered by 
yeast two-hybrid study and afGnity chromatography. 
In addition to the protein-protein interaction among starch biosynthetic enzymes, a 
novel protein was found to be interacting strongly with SSI by afGnity chromatography and 
mass spectrometry. Although this protein, which was called cell-wall invertase-like protein in 
this study, awaits further investigation, it may reveal any hidden physiology of starch 
biosynthetic system along with a possible role of sucrose metabolism in the plastid (Gerrits et 
al., 2001; Mukerjea and Robyt, 2003). 
Recently, research data are accumulating to support the highly regulated starch 
biosynthetic mechanism specifically focusing on the physical association of the proteins 
(Tetlow et al., 2004). The complex association of die proteins, which were specifically 
discovered by the yeasMwo hybrid experiments, still remains to be answered regarding the 
models that could correlate this complex association of the proteins to vrvo starch 
biosynthesis. 
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Functional Interactions between Heterologously Expressed 
Starch-Branching Enzymes of Maize and the Glycogen 
Synthases of Brewer's Yeast  ^
Beom-seok Seo*, Seungtaek Kim,M. Paul Scott, George W. Singletary, Kit-sum Wong, Martha (3. James, 
and Alan M Myers* 
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and Department of Food Science and Human Nutrition (K.-S.W.), Iowa State University, Ames, Iowa 
50011; and Pioneer Hi-Bred, Johnston, Iowa 50131 (G.W.S.) 
Starch-branching enzymes (SBEs) catalyze the formation of a{l-»6) glycoside bonds in glucan polymers, thus, affecting the 
structure of amylopectin and starch granules. Two distinct classes of SBE are generally conserved in higher plants, although 
the specific role(s) of each isoform in determination of starch structure is not clearly understood. This study used a 
heterologous in vivo system to isolate the function of each of the three known SBE isoforms of maize (Zea mays) away from 
the other plant enzymes involved in starch biosynthesis. The ascomycete Brewer's yeast (Saccharomyces cerevisiae) was 
employed as the host species. All possible combinations of maize SBEs were expressed in the absence of the endogenous 
glucan-branching enzyme. Each maize SBE was functional in yeast cells, although SBEI had a significant effect only if SBElIa 
and SBEIIb also were present. SBEI by itself did not support glucan accumulation, whereas SBEIIa and SBEIIb both 
functioned along with the native glycogen synthases (GSs) to produce significant quantities of a-glucan polymers. SBEIIa 
was phenotypically dominant to SBEIIb in terms of glucan structure. The specific branching enzyme present had a significant 
effect on the molecular weight of the product. From these data we suggest that SBEs and GSs work in a cyclically 
interdependent fashion, such that SBE action is needed for optimal GS activity; and GS, in turn, influences the further effects 
of SBE. Also, SBEIIa and SBEIIb appear to act before SBEI during polymer assembly in this heterologous system. 
The crystalline architecture of starch granules is 
generally similar in all plants (Jenkins et al., 1993). 
Starch structure presumably is an essential aspect of 
the physiological processes by which Glc units de­
rived from photosynthesis are stored for hours or 
months in resistant form, and then later released and 
used when needed for nonphotosynthetic metabo­
lism. Granule formation is largely dependent on the 
semicrystalline properties of amylopectin (Ap), the 
branched glucan polymer that provides about 75% of 
the granule mass (for reviews, see Myers et al, 2000, 
and refs. therein). Ap comprises a(l-*4)-linked lin­
ear" chains of Glc units, which are joined to each 
other by o(l-*6) glycosidic bonds, i.e. "branch" link­
ages. The architectural arrangement of Ap, including 
the length of die linear chains, the frequency of 
a(l-*6) linkages, and the placement of branches rel­
ative to each other and the ends of the chains, is likely 
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Am—, IA 50011. 
* Corresponding author; e-mail ammyers@iastate.edu; fax 
515-294-0*53. 
Article, publication date, and citation information can be found 
at www.plantphysiol.org/cgi/doi/10.1104/pp.010756. 
to determine the ability of Ap to crystallize into 
granules. This presumption is derived, in part, from 
consideration of the structure of glycogen, which has 
the same chemical features as Ap but, because of 
more regularly spaced branch points and shorter lin-
ear chain lengths, is fully soluble and noncrystalline 
(Calder, 1991; Lomako et al., 1993; Alonso et aL, 
1995). Also, certain mutant plants accumulate soluble 
glucan polymers within (he same cells and organelles 
that also contain starch granules comprising crystal­
line Ap (Zeeman et al., 1998). These soluble glucans 
exhibit linear chain lengths and branch frequencies 
that are distinct from those of the crystalline material 
The biosynthetic system that produces starch gran­
ules must be able to act with a certain degree of 
architectural specificity, although how the structural 
characteristics of Ap are precisely determined is not 
well understood. Just as starch structure is highly 
conserved in the plant kingdom, so are the sequences 
of Ae enzymes responsible for assembly of Glc units 
into Ap (Smith et aL, 1997; Myers et al., 2000). Starch 
synthases (SS) catalyze the formation of linear chains, 
using ADP-Glc as the hexose donor and connecting 
Glc units through o(l-*4) glycosidic bonds. Starch-
branching enzymes (SBEs) catalyze the formation of 
a(l-*6) bonds by mams of cleavage within a linear 
chain and transfer of the free reducing end to a C6 
hydroxy! A priori, it seems possible that the enzy-
98 
made spedBddes of SSs and SBEs could explain how 
Ap is synthesized with its specific chemical 
architecture. 
Glycogen synthesis in animals, fungi, and pro-
karyotes typically requires a single isoform of the 
glucan synthase and branching enzyme activities. 
Starch biosynthesis appears to be more complex, 
however, as indicated by the existence of multiple 
isofbrms for each of these enzymes. In maize (Zee 
mays), there are at least Eve SS isoforms and three 
SBE isoforms called SBEI, SBEIIa, and SBEIIb (Smith 
et aL, 1997; Myers et aL, 2000). The three différait 
SBEs have been defined clearly by biochemical frac­
tionation (Boyer and Preiss, 1978a, 1978b) and by 
their primary sequences determined from cDNA 
clones (Fisher et aL, 1993,1995; Gao et al., 1997). SBEI 
is clearly distinguishable as a distinct isoform, 
whereas SBEIIa and SBEIIb are very closely related 
over most of their sequence but differ at their amino 
termini. 
Isoform-specific functions are indicated by the facts 
that all four sequence classes of SS (I, II, III, and 
GBSS) and both SBE classes (I and H) are broadly 
conserved in plants (Smith et aL, 1997; Cao et al., 
1999; Li et al., 1999). Mutations in genes that code for 
specific SSs or SBEs often result in altered starch 
structure, which also indicates nonoverlapping func­
tions of the multiple isoforms (Shannon and Gar-
wood, 1984). Examples from maize are mutations of 
the dwJH (did) gene that codes for the SSm of this 
species (Gao et aL, 1998) and mutations of the « gene 
that codes for SBEIIb (Stinard et aL, 1993). In addition 
to the multiple isoforms of SS and SBE, another level 
of complication that must be considered in address-
ing the mechanism of Ap biosynthesis is the involve-
ment in this process of a(l—*6) glucosidases, Le. 
starch-debrancning enzymes (Myers et aL, 2000, and 
refis, therein). 
Identifying Aie specific role(s) of each SS or SBE 
with regard to determination of Ap structure is com­
plicated, in part, because of pleiotropic effects of 
mutations in genes coding for a specific enzyme. The 
classical genetic approach has been employed, with 
the strategy of eliminating one isoform by mutation 
and then diaracterizing Ap structure to identity re­
sultant changes. In many instances, however, more 
than one starch biosynthetic enzyme is affected by a 
single mutation. For example, maize dwl- mutations 
that directly affect die SSm also have an indirect 
effect of significandy reducing the acdvity of SBEIIa 
present in total extracts of endosperm tissue (Boyer 
and Preiss, 1978b). Mutations in die locus also 
cause an increase of another SS activity in total ex­
tracts, most Hkely SSI (Cao et al., 1999). Attributing a 
certain structural change to the lorn of a particular 
enzyme, therefore, often is not possible using this 
approach. 
A different approach is to isolate specific isoforms 
away from die full complement of plant starch bio­
synthetic enzymes, by means of expression in heter­
ologous host organisms. If it were possible to convert 
a microbial cell that produces glycogen into an or­
ganism that produces Ap with crystalline proper­
ties, through die addidon of specific plant azymes, 
thai the functions necessary for producing a 
crystallization-competent polymer would be identi-
fied definitively. Using this strategy, Guan et al. 
(1995) replaced the native glycogen-branching en­
zyme (GBE) of EsdwrkM* coif with the maize iso-
forms SBEI and SBEIIb. The recombinant bacteria 
produced a soluble polymer resembling glycogen, 
as opposed to an Ap-like molecule with semicrys-
talline properties. By themselves, therefore, these 
two SBE isoforms by themselves do not account for 
Ap architecture. 
In this study, the heterologous expression strategy 
was used with the ascomycete Brewer's yeast {Sac­
charomyces cerevisiae) as the host. The complete se­
quence of the yeast genome reveals all of the relevant 
glycogen biosynthetic genes. These are GSY1 and 
GSY2, coding for two very closely related forms of 
glycogen synthase (GS; Parkas et aL, 1991), and 
GLC3, coding for GBE (Rowen et al., 1992; Thon et al., 
1992). In contrast to plant SSs, the two yeast GS 
isoforms are functionally redundant (Parkas et aL, 
1991). 
The three maize SBE isofbrms were expressed in 
Brewer's yeast, singly and in all possible combina-
tions, in a common genetic background. Chemical 
analysis of the product glucans revealed synergistic 
effects between the SBEs and the native GSs, such 
that each distinct combination of activities gave rise 
to different polymer structures. The ability of SBEI to 
engender modifications in the product glucan poly­
mers depended on die simultaneous presence of both 
SBEIIa and SBEIIb. To explain these results, we sug­
gest that either SBEH function is needed to generate a 
substrate that is suitable for SBEI in this in vivo 
system, or that the SBEH isoforms direcdy regulate 
the acdvity of SBEI. 
RESULTS 
Partial CompWmenMlon of gk3 by Maiz# SBE# 
Transgenic yeast strains were constructed in a ge­
netic background completely lacking GLC3, which 
is the only host gene that codes for a GBE. Maize 
cDNAs coding for various SBEs were expressed from 
the strong, consdtudve promoter of the yeast TPH 
gene. Yeast colonies were grown on yeast peptone 
dextrose (YPD) plates for 2 d and then exposed to 
iodine vapor for 1 min to reveal stainable glucan-
iodine complexes. In agreement with previous results 
(Thon et aL, 1992), the gk3::KAN* strain BSY-01, 
which does not contain any branching enzyme gene, 
did not stain appreciably and remained yellow-white 
(Pig. 1A). GS acdvity in total soluble extracts is 
known not to be affected by deletion of GLC3 (Thon 
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Figure 1. Characterization of a-glucans by staining with iodine. A, 
a-Glucans in yeast colonies. Yeast colonies were grown on YPD 
medium and exposed to l2 vapor. All the strains share a common 
genetic background, differing only with respect to the genes that 
code for glucan-branching enzymes. The particular GBE, SBE, or 
combination of SBEs present is indicated for each photograph. Strains 
containing maize SBEs are all glc3::KANR mutants, thus, lacking any 
endogenous branching enzyme. The strains are as follows (refer to 
Table I): Glc3p, Y-2159; glc3::KAN", BSY-01, SBEIIa, BSY-03; 
SBEIIb, BSY-04, SBEIIa + SBEIIb, BSY-07; SBEIIa + SBEI, BSY-05; 
SBEIIb + SBEI, BSY-06; SBEIIa + SBEIIb + SBEI BSY-08. B, Absor-
bance spectra of total soluble glucan; (200 fig) extracted by the hot 
alkali method and stained with l2/KI. The dotted line shows the 
spectrum obtained for commercial maize Ap. The solid black line 
shows the spectrum obtained for glycogen from nonmutant yeast 
strain Y-2159, produced using Glc3p as the branching enzyme. The 
colored lines show spectra obtained for the a-glucans from 
glc3::KAN" strains expressing the particular SBE or combination of 
SBEs indicated by the labels of corresponding color. The identity of 
each SBE-containing strain is indicated in the legend for A. C, 
Absorbance spectra of size-fractionated glucans (100 /xg) extracted 
by the mechanical disruption method and stained with l2/KI. Strains 
are as In B, with the addition of BSY-05 (SBEIIa + SBEI). 
et al, 1992), and Aie level of an epitope-tagged ver­
sion of Gsy2p as detected by immunoblot analysis 
did not vary in the mutant compared 
with the wild-type parental strain (data not shown). 
Glc3p, therefore, is required for production of iodine-
stainable glucan polymer, even though GS accumu-
lation and activity are unaltered. 
Transformation of the gfc3::KAN* strain BSY-01 
with integrative plasmids that express either SBEIIa 
or SBEIIb restored the ability to accumulate iodine-
stainable glucan polymers (Pig. 1A). The SBEIIa 
strain BSY-03 produced a reddish-brown color, 
whereas the SBEIIb strain BSY-04 stained blue. In all 
instances, the particular iodine-staining phenotype 
cosegregated with the prototrophic marker linked to 
the SBE expression gene in progeny tetrads from 
crosses to tester strain Y-2158 (data not shown). Res­
toration of glucan polymer synthesis, therefore, can 
be attributed specifically to expression of the maize 
SBE. These results indicate that SBEIIa and SBEIIb 
can provide whatever function is lacking in the 
glc3::KANR mutant that allows GS to form a polymer 
or that allows glucan accumulation. 
Expression of maize SBEI did not complement the 
defect in iodine-stainable glucan accumulation con­
ditioned by the glc3::KANR mutation (data not 
shown). Co-expression of both SBEIIa and SBEIIb in 
strain BSY-07 resulted in the reddish-brown staining 
color similar to that resulting from SBEIIa alone (Fig. 
1A), indicating phenotypic dominance of SBEIIa over 
SBEIIb. None of the other double-isoform combina­
tions nor the triple-isoform combination yielded a 
difference from either the SBEIIa or SBEIIb result 
that could be distinguished by iodine vapor staining 
(Fig. 1A). 
The quantity of total soluble glucan extracted from 
various strains by extraction with hot alkali was mea-
sured as a function of time in culture (data not 
shown). Expression of either SBEIIa or SBEIIb re­
sulted in about 40% of the amount of glycogen seen 
in the nonmutant standard. The SBEI strain did not 
produce any detectable glucan polymer. The growth 
rate of the culture was not affected by expression of 
any of the maize proteins (data not shown). 
Branching Enzyme Activity 
From the restoration of glucan biosynthesis in the 
gk3;;KAN* host strain, it can be inferred that at least 
some of the maize SBEs are expressed in active form 
in this heterologous system. The level of debranching 
enzyme activity was tested directly in total soluble 
cell extracts using the phosphorylase a stimulation 
assay (Guan and Preiss, 1993). Table I indicates that 
brandling, enzyme activity present in extracts of the 
gZc3;;KA\r strain is reduced to near background lev­
els compared with the GLC3 control strain. Expres­
sion of SBEIIa in the host restored ap­
proximately 40% of the branching activity seen in the 
nonmutant control strain, whereas expression of 
SBEIIb restored about 15% of the activity. Introduc­
tion of the SBEI plasmid did not result in an in­
creased level of branching enzyme activity measured 
100 
Table I. Branching enzyme activity assays 
Branching Enzyme Activity® 
Strain Genotype Maize SBE 
Assay 1 Assay 2 Assay 3 Mean 
Y-2159 GK3 - 17,292 20,362 20,511 19,388 
BSY-01 - 166 264 222 217 
BSY-02 I 227 258 234 240 
BSY-03 gk3::KAW" lia 6,268 10,555 8,886 8,570 
BSY-04 gk3::KW lib N.D.*' 2,159 3,791 2,975 
BSY-05 gW::KAN* I, lia 5,952 6,964 6,003 6,306 
BSY-06 I, lb 1,636 N.D. 1,311 1,474 
BSY-07 gkjxKAW" lia. lb 8,786 7,055 7.970 7,937 
BSY-08 glc3••KAN" I, lia, lib 7,303 9,225 8,580 8.396 
* Each assay was determined from a separate culture of yeast cells. b N.D., A value was not determined in that particular assay set. 
In total soluble cell extracts above that of the 
gk3:;KAAf* host strain. 
Glucan Size Distribution 
To compare the sizes of the glucan polymers pro­
duced by each combination of biosynthetic enzymes, 
the carbohydrates we're isolated and fractionated by 
gel permeation chromatography. A standard method 
of boiling cells in hot alkali released a water-soluble 
glucan fraction that eluted from a TSK-HW50S col­
umn in a single narrow peak (data not shown). Fur­
ther analysis of this fraction (see below) revealed the 
presence of a nonglucan contaminant in some of the 
samples. A different method was developed in whidi 
cells were mechanically disrupted and extracted in 
1% (w/v) SDS. Total glucans from this extraction 
were chromatographed on Sepharose CL-2B. In this 
procedure various glucan size fractions were re­
solved, and the pattern differed significantly be-
tween the nonmutant and transgenic strains. 
Glycogen from the nonmutant strain eluted from 
the CL-ZB column in a very broad peak (Fig. 2). A 
small shoulder at (he beginning of the peak indicated 
a distinct minority population of glucans that are 
larger in M, than most of the molecules. In contrast, 
glucans from gfc3::KAAf* strains expressing either 
SBEIIa or SBEIIb eluted predominantly in the peak of 
large material, and a minority of the polymers eluted 
in the broad tail of smaller M, (Pig. 2). Thus, the 
particular enzyme responsible for introduction of 
branch linkages can be a specific determinant of the 
molecular size of the glucan polymer produced. 
VMM# Spockm of Ghicanrlodim# Complex## 
Soluble glucans extracted by the hot alkali method 
and purified by TSK-HW50S chromatography were 
complexed wim iodine, and abeorbance spectra were 
recorded (Pig. IB). Using equal quantities of glucan, 
distinct spectra were determined for the maize Ap 
standard, glycogen from nonmutant yeast; and (he 
glucans produced in yeast by SBEIIa or SBEIIb. These 
results are in agreement with the distinct colors seen 
in die colony stains of the nonmutant, SBEIIa, and 
SBEIIb strains (Fig. 1A). Glucan from the strain ex­
pressing both SBEIIa and SBEIIb yielded a spectrum 
similar to the SBEIIa strain, again revealing the dom­
inance of SBEIIa. Co-expression of SBEI along with 
SBEIIa, SBEIIb, or SBEIIa + SBEIIb in combination 
did not significantly alter the absorption spectrum 
from that obtained with the SBEII isoform(s) alone. 
Spectra also were recorded for the relatively large 
glucans extracted by the mechanical disruption 
method and purified in the peak fraction of the 
Sepharose CL-2B chromatographs (see Fig. 2). SBEIIa 
and SBEIIb again produced distinct spectra (Fig. 1C). 
In this instance, however, the combination of SBEIIa 
and SBEIIb in the same host strain yielded a spec­
1 
Figure 2. Glucan size distributions. Glucans from the Indicated yeast 
strains were prepared by the mechanical disruption method and 
fractionated by gel permeation chromatography on Sepharose CL-2B. 
The label for each panel Indicates the glucan-branchlng enzyme that 
b present In otherwise congenlc yea* strain*. The strains are as 
follows (refer to Table I): Glc3p, Y-2159; SBEIIa, BSY-03; SBEIIb, 
BSY-04. 
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trum distinct from eiAier enzyme alone. Co-
expression of SBEI resulted in a specific change in the 
absorbante spectrum. Because equal quantities of 
glucan were analyzed, die absorption coefficient can 
be standardized to moles of Glc equivalents. This 
value is significantly higher for all combinations con-
taining SBEI compared with the corresponding strain 
in which SBEI is lacking (Rg. 1C). These data suggest 
that co-expression of SBEI does affect the structure of 
the product, even though SBEI by itself does not 
support glucan accumulation. 
Chain-Length Distributions 
Glucans prepared by the hot alkali method were 
debranched by treatment with PaewdomomM sp. 
isoamylase, an a(l-*6)-sperific glucosidase. The re-
sultant populations of linear diains were then sepa-
rated and quantified using high performance anion-
exchange chromatography with post-column 
enzymatic digestion of glucans to Glc and pulsed-
amperometric detection (HPAEC-ENZ-PAD; Wong 
and Jane, 1995, 1997). An unusual result was ob-
tained specifically from samples expressing SBEIIb 
alone, in that an unidentified molecule(s) signifi­
cantly increased the baseline PAD signal in the re­
gion where chains with degree of polymerization 
(DP) of 13 and larger normally elute (data not 
shown). The same PAD profile was obtained even 
after the glucan sample was digested completely to 
Glc by amyloglucosidase before HPAEC-ENZ-PAD 
analysis (data not shown). Thus, a nonglucan mole­
cule copuriBes with the glucan specifically from 
yeast strains expressing SBEIIb. This molecule was 
not observed in the SBEIIa + SBEIIb strain, which is 
another indication of the phenotypic dominance of 
SBEIIa. 
The mechanical disruption method of glucan isola­
tion, which includes boiling the solution in 1% (w/v) 
SDS and Sepharose CL-2B as the gel permeation ma­
trix, yielded a glucan from all strains that gave the 
expected HPAEC-ENZ-PAD baseline and, mus, was 
not associated with the nonglucan contaminant. Fur­
ther analysis of glucans from the yeast strains ex­
pressing maize SBEs was performed on the material 
in the peak fractions of the Sepharose CL-2B chro-
matographs (Rg. 2). An exception is nonmutant yeast 
glycogen, which was prepared by the hot alkali 
procedure. 
Sample data from the HPAEC-ENZ-PAD analysis, 
which affords quantitative determination of the mo­
lar frequency of linear chains of specific length, are 
shown in Figure 3. Data are shown only for chains of 
DP4 or greater, because the quantities of Glc, mal­
tose, and maltotriose were not reproducible. For eas­
ier visualization of differences in these frequency 
distributions, samples were compared pair wise by 
subtracting the value for each main length of one 
sample from the other, and the results were plotted 
1*! 
Figure 3. Chain-length distributions. Size-fractionated glucans from 
the Indicated yeast strains were completely debranched, and the 
resultant linear chains were separated and quantified by HPAED-
ENZ-PAD. The quantitative distribution of each chain length up to 
DPSO Is plotted. Representative data of the type used to generate the 
subsequent difference plots are shown. Data are shown for commer­
cial maize Ap and for size-fractionated glucans Isolated by the 
mechanical disruption procedure from yeast strains In which the 
Indicated GBE or SBE b the only glucan-branchlng enzyme present In 
otherwise congenic strains. The yeast strains are as follows (refer to 
Table I): Glc3p, Y-2159; SBEIIa, BSY-03; SBEI*,, BSY-04. 
as a function of DP. In this analysis, two nearly 
identical samples would yield a bar graph with only 
very slight variations from the baseline. 
Figure 4 compares the structure of native maize Ap 
to those obtained from the maize SBEs working in 
combination with the yeast GSs. These data illustrate 
that maize SBEs are not entirely responsible for the 
Ap chain lengths, confirming the conclusion reached 
previously when SBEIIb and SBEI were co-expressed 
in E. coH (Guan et aL, 1995). Here, the similar ap­
proach was extended to examine the effects of ex­
pressing all three known maize SBEs in a heterolo­
gous system. Thus, Figure 4C can be considered as a 
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Figure 4. Chain-length distribution comparisons using commercial 
maize Ap as a standard. For each chain length, the quantitative molar 
distribution in the polymer from the yeast strain expressing the 
Indicated SBE or combination of SBEs was subtracted from the cor­
responding value obtained for commercial maize Ap. A, Chain-
length frequencies In commercial maize Ap compared with those in 
the glucans from strain BSY-03 (SBEIIa). B, Chain-length frequencies 
In commercial maize Ap compared with those In the glucans from 
strain BSY-04 (SBEIIb). C, Chain-length frequencies in commercial 
maize Ap compared with those In the glucans from strain BSY-08 
(SBEI + SBEIIa + SBEIIb). 
comparison between the three maize SBEs working 
in combination with yeast GSs and the condition in 
which the same three isozymes are working together 
with the full complement of maize SSs. 
Figure 5 shows the differences in chain-length dis­
tribution that resulted when the specific branching 
enzymes present were varied in cells containing the 
native complement of GSs. Comparison of the prod­
uct of the yeast GBE with that of maize SBEIIb reveals 
significantly more short chains (DP5-DP11) pro­
duced by Glc3p and fewer longer chains (DP18-
DP36; Pig. 5B). A similar but less-pronounced effect 
is seen in comparison of the native GBE product with 
that of maize SBEIIa (Fig. 5A). Comparison of the 
SBEIIa product with that of SBEIIb reveals signifi­
cantly more short chains, especially DPS and DP6, 
produced by SBEIIb (Fig. 5C). These differences may 
account for the distinct colony stain colors and ab­
sorption spectra (Fig. 1). 
In Figure6 the effects of varying the combination of 
maize SBEs are shown. The SBEIIa + SBEIIb combi­
nation produces a glucan virtually identical to that 
produced by SBEIIa alone (Fig. 6A). In contrast, the 
SBEIIa + SBEIIb product is quite distinct from that 
produced by SBEIIb alone (Fig. 6B). Thus, the domi­
nance of SBEIIa over SBEIIb observed in the colony 
stains (Fig. 1A) and absorption spectra (Fig. IB) is 
also reflected at the level of chain-length distribution. 
Addition of SBEI has virtually no effect on the 
structure of the glucans produced by SBEIIb (Fig. 6D) 
and only a slight effect on the SBEIIa product (Fig. 
6C). A significant effect, however, was observed 
when all three maize SBEs were present compared 
with the product of the SBEIIa + SBEIIb combination 
(Pig. 6E). Thus, SBEI clearly is able to exert an influ­
ence on the structure of the glucan produced in yeast 
cells, but apparently it does so readily only when the 
other two SBEs are also present. 
Bnmch Linkage Frequency 
Branch linkage frequencies were determined for 
each glucan sample by comparing die quantity of 
free-reducing ends obtained after specific hydrolysis 
of c((l-*6) bonds to that observed after complete 
hydrolysis of both a(l-»6) and a(l-»4) linkages. Ta­
ble II shows the results obtained from an Ap stan-
dard and from yeast glucans isolated by the mechan­
ical disruption procedure and size-fractionated by 
chromatography on Sepharose CL-2B. As expected, 
the native yeast glycogen branch frequency was sig-
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Figure 5. Chain-length distribution comparisons between glucans 
produced by various single branching enzymes. For each chain 
length, the molar distribution in the polymer produced by the second 
indicated branching enzyme In the pair was subtracted from the 
value obtained for the polymer produced by the first branching 
enzyme In the pair. A, Chain-length frequencies In the glucans from 
strain Y-2159 (Glc3p) compared with those from strain BSY-03 
(SBEIIa). B, Chain-length frequencies In the glucans from strain 
Y-2159 (Glc3p) compared wWh those from main BSY-04 (SBEIIb). C, 
Chain-length frequencies in the glucans from strain BSY-03 (SBEIIa) 
compared with those from strain BSY-04 (SBEIIb). 
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nificandy higher dian that observed for maize Ap. In 
general the glucans produced by maize SBEs, when 
expressed either alone or in combination, exhibited 
values intermediate between those obtained for 
maize Ap and wild-type yeast glycogen. Thus, the 
SBEs by themselves cannot be the sole determinants 
of brandi linkage frequency in Ap. 
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Hgur# 6. Chain-length distribution comparison* between glucan* 
produced by various single SBE or combination of SBEs. For each 
chain length, the molar distribution In the polymer produced by the 
second indicated SBE or combination thereof was subtracted from 
the value obtained for the polymer produced by the first SBE or 
combination of SBEs. A, Chain-length frequencies In the glucans 
from main BSY-03 (SBEIIa) compared with those horn strain BSY-07 
(SBEIIa + SBEIIb). B, Chain-length frequencies in the glucans from 
strain BSY-04 (SBEIIb) compared with those from strain BSY-07 
(SBEIIa + SBEIIb). C, Chain-length frequencies in the glucans from 
strain BSY-03 (SBEIIa) compared with those from strain BSY-05 
(SBEIIa + SBEI). D, Chain-length frequencies In the glucans from 
strain BSY-04 (SBEIIb) compared with those from strain BSY-06 
(SBEIIb + SBEI). E, Chain-length frequencies In the glucans from 
strain BSY-07 (SBEIIa + SBEIIb) compared with those from strain 
BSY-08 (SBEIIa + SBEIIb + SBEI). 
Table II. Frequency of a(l-*6) glycosidic bonds in a-glucans 
Source SBE(s) or GBE Present Branch Frequency 
Maize Ap" Native maize 4.77 
Y-2159 Glc3p 7.28 
BSY-03 SBEIIa 5.53 
BSY-04 SBEIIb 5.91 
BSY-05 SBEIIa + SBEI 6.18 
BSY-06 SBEIIb + BEI 5.31 
BSY-07 SBEIIa + SBEI*) 5.32 
BSY-08 SBEIIa + SBEIIb + SBEI 6.88 
' A-7780. lot no. 53H0260 (Signa). 
A comparison of the results obtained for strains 
BSY-07 and BSY-08 indicates that SBEI can have a 
significant effect on the branch linkage frequency if 
SBEIIa and SBEIIb are also present. In this instance, 
SBEI accounted for an increase of approximately 
1.5% in the branch frequency. SBEI caused a slighter 
effect on this parameter if only SBEIIa is present in 
addition (compare strains BSY-03 and BSY-05). If 
only SBEIIb is present in addition, then SBEI expres-
sion resulted in a decrease in the observed branch 
frequency (compare strains BSY-04 and BSY-06). 
DISCUSSION 
Expression of maize SBEs in yeast confirmed the 
previous observation (Guan et al., 1995) that these 
enzymes are not entirely responsible for die chain-
length distribution of Ap. This was observed even 
when all three known SBEs were present. Various 
synergistic effects involving yeast and maize SBEs 
were observed, (a) Yeast GBE is needed for accumu­
lation of iodine-stainable glucans, even though GS is 
active. In the absence of Glc3p, maize SBEIIa and 
SBEIIb provide the function necessary for glucans to 
accumulate. SBEI, however, did not support glucan 
accumuladon. (b) SBEIIa and SBEIIb produced glu-
cans with distinct chain-length distributions and io-
dine complex absorption spectra. Expression of these 
two isoforms together resulted in SBEHa-spedfic 
characteristics, (c) Glucans produced in yeast by 
maize SBEIIa or SBEIIb were larger than those of 
wild-type cells, indicating a role of SBEs in determin­
ing M,. (d) SBEI can have a significant effect on 
chain-length distribution, branch linkage frequency, 
and die absorption spectrum, particularly when both 
SBEIIa and SBEIIb are present. These dominant ef­
fects prove that active SBEI is present and rule out 
lack of expression as an explanation for the bet that 
SBEI alone does not support glucan accumulation. 
To explain these observations, we suggest that in 
this heterologous system, there is a sequential action 
of SBEs on glucan polymers under construction. Af­
ter initiadon, the GSs must elongate die polymer to 
an extent such that SBEs are able to catalyze chain 
cleavage and formation of branch linkages. This ac­
dvity provides additional nonredudng aids for fur­
ther action of the synthases. Some degree of GBE 
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Table III. Brewer's yeast strains used in this study 
Strain Relevant Genotype 
Y-2159 Mata his3 ura3 Ieu2 
Y-2158 Mata his3 ura3 Ieu2 
BSY-01 MATot hls3 ura3 Ieu2 glc3::KAN" 
BSY-02 AMTa waj 
BSY-03 MA Ta his3 ura3 Ieu2 gtc3::KANf* 
um3::5BEWa::UKA3 
BSY-04 MATa his3 ura3 Ieu2 glc3::KAN* 
bu2::*a&::ifU2 
BSY-05 AM Ta M*3 w#3 ku2gk3::KW* 
BSY-06 AWT* W*3 und buZ g*c3::KAN* f*3::S8B:: HK3 
BSY-07 MATa hls3 ura3 Ieu2 glc3::KAN" 
ura3 : : SBEIIa: : URA3 Seu2::SBEIIb::LEU2 
BSY-08 
ura3::SBEIIa:: URA3 leu2::SBEIIb:: LEU2 
function may be needed in yeast to prepare an inter­
mediate polymer that serves as an effective substrate 
for GS. We suggest that GS prepares the substrate for 
SBE and SBE prepares the substrate for GSin a cyclic 
relationship. SBEI does not support glucan accumu­
lation, possibly because the initial precursor pro­
duced by the GSs is not a suitable substrate for this 
Isoform, thus, breaking the cycle. In vitro, SBEI trans­
fers longer chains than does SBEIIb (Takeda et aL, 
1993). It is possible that, in die absence of GBE, GS 
cannot produce polymers of sufficient length to serve 
as a SBEI substrate. 
The fact that the SBE identity specifically effects the 
Mr of the product glucans is consistent with the 
hypothesis that SBEs influence activity of GSs. SBEs 
do not add any Glc units to the polymer; they only 
catalyze rearrangement of the existing polymerized 
chains. Continued elongation by GSs may be possible 
using die intermediate structures produced by the 
maize SBEs, whereas the products of the native Glc3p 
may cease to be puitable substrates of GS at a rela­
tively earlier point in the construction process. 
To explain the fact that SBEI effects were most 
noticeable when both SBEIIa and SBEIIb also were 
present, we suggest that the SBEU isoforms act on 
precursor polymers before SBEL This idea is sty-
ported by the observation that die addition of SBEI to 
(he SBEIIa + SBEIIb combination signiAcandy in­
creased the branch frequency. The action of die SBEII 
isofbrms may result in a structure that is required of 
a substrate for SBEL As an altemadve, SBEII action 
may be needed to allow GS to extend the chains to 
reach the length required for SBEI. The concept that 
SBEIIa and/or SBEub activity is required for SBEI to 
have an effect on glucan structure, at least in this 
heterologous system, is a major Aiding from this 
study. 
The results of this study with regard to SBEI acdv­
ity are different bom those obtained in previous 
studies using E. cof: as the heterologous host system 
Derivation 
Five backcrosses to D273-10B/A1 
(Tzagoloff et al., 1975) 
Same as Y-2159 
Transformation of Y-2159 
Transformation of BSY-01 
Transformation of BSY-01 
Transformation of BSY-01 
Transformation of BSY-02 
Transformation of BSY-02 
Transformation of BSY-03 
Transformation of BSY-06 
(Kossmarm et aL, 1991; Guan et aL, 1995). In those 
instances, various plant SBEs, including SBEI from 
maize, were able to support the synthesis in of a 
glycogen-like polysaccharide in an E. coli host lacking 
a functional gfgB gene, which codes for the GBE. A 
simple explanation for the difference between the 
two host species may be that the very low level of 
expression of SBEI in yeast (Table I) is insufficient to 
support glucan synthesis. The effect of expressing 
SBEI in the presence of SBEIIa and SBEIIb (Fig. 6E; 
Table II), however, argues that there is sufficient SBEI 
activity to have a significant impact on the branching 
pattern and branch linkage frequency of die glucan 
producL Another possibility, which is consistent 
with the synergistic effects observed in this study, is 
that SBEI interacts differendy with die E. coK GS than 
it does with die yeast form of this enzyme. For ex­
ample, die bacterial enzyme may be able to synthe­
size longer chains that are suitable as SBEI substrates, 
or SBEI acdvity may produce a precursor that is 
pardcularly suitable for E. cofi GS but not the syn­
thase from yeast. 
SBEIIa dominating over SBEIIb with regard to the 
glucan structure when both enzymes are present may 
be explained by an ability of SBEIIa to act on outer 
chains to a greater extent than does SBEIIb. The two 
isoforms produce glucans that are similar to eadh 
other except for an excess of DPS and DP6 in the 
SBEIIa producL We suggest that SBEIIa and SBEIIb 
have overlapping functions and properties during 
the earlier stages of glucan construcdon. If SBEIIa, 
however, can retain its acdvity toward a precursor 
glucan on which SBEIIb can no longer act, then mix­
ing die two enzymes would result In the same final 
product as that formed by SBEIIa alone. The differ­
ences in DP distribution, especially if they are in die 
outer chains of the molecule, could result in different 
colors and spectra. This hypothesis appears to be 
inconsistent with the observation that loss the of 
SBEIIa in maize endosperm has no effect on Ap strut-
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ture (Blauth et al, 2001). The native environment; 
however, differs from yeast in many regards includ­
ing the complement of SSs and the met that the 
polymers crystallize only in plants. 
The preceding hypothesis is based on the presump­
tion that SBEs and GSs act independently and that 
the observed synergistic effects result from substrate 
alterations in a sequential construction process. As an 
alternative, the activity of one enzyme may be di­
rectly dependent on the physical presence of another. 
The glucan structure produced by SBEIIb + SBEIIa, 
in terms of chain-length distribution and absorbance 
spectrum, is die same as (hat produced by SBEIIa 
alone. When SBEI is added, however, it affects the 
Eroduct structure much more significantly when oth SBEIIa and SBEIIb are present than when only 
SBEIIa is operative. Thus, substrate structure may not 
be the only determinant of whether SBEI can act. The 
presence of the SBEIIa and SBEIIb proteins possibly 
has some direct effect on SBEI activity. 
The requirement of a SBE for glucan accumulation 
could also result from direct interaction, in this in­
stance between GS and GBE. This hypothesis has 
been suggested previously (Cannon et aL, 1994), 
based on the fact that gk3 point mutations allow 
accumulation of an abnormal glucan, whereas dele-
tions cause loss of detectable glycogen. In addition, 
certain point mutations of gk3 are partially dominant 
to wild type, again suggestive of multisubunit inter­
actions within the biosynthetic system. 
The results obtained from this heterologous system 
have advanced our understanding of the nigh level of 
complexity of what, at first consideration, could be 
viewed as a relatively straightforward biosynthetic 
system. Additional combinations of maize enzymes, 
in particular isolating specific SSs with particular 
SBEs, are likely to shed further light cm die roles of 
each specific isoform. 
MATEMALS AND METHODS 
Recombinant Plaemld# 
cDNAs coding for SBEI and SBEIIb were obtained from 
plasmlds pET23d-MBEI (Guan et aL, 1994a) and pET23d-
MBEII (Guan et aL, 19Mb). A SBEIIa cDNA done was 
provided by Dr. M Gulltinan (Pennsylvania State Uni­
versity, University Park). cDNAs were domed in integra­
tive vectors (pYX, Novagen, Madison, WI) containing the 
TPM promoter and specific selectable markers to form 
pBEI-022 (HB3), pBEHa-012 (URA3), and pBEHb-042 
(LEU2). Transcription initiates within the TPII promoter. 
The cDNAs were domed into the expression vectors audi 
that the amino terminus of eadi expressed SBE matches 
that of the mature protein within amyioplasts (Fisher et aL, 
1995; Gao et aL, 1997). All expressed SBEs extend to the 
native C terminus. Plasmlds were linearized by restriction 
enzyme cleavage wlOiln the marker gene before yeast 
transformation. 
Sbmins and Growth Condition# 
Standard methods were used for maintaining yeast cul-
tures, constructing strains by transformation, and genetic 
analysis (Ausubel et aL, 1989). Yeast strains in this study 
(Table IH) are congenic in the D273-10B/A1 genetic back­
ground (Tzagoloff et al., 1975). The glc3::KANR strain 
BSY-01 was constructed from nonmutant Y-2159 by replac­
ing the entire GLC3 open reading frame with the kanamy-
cin resistance gene kanr from plasmid pFA6-kanMX4 
(Wadi et aL, 1994). The gene replacement in die yeast 
chromosome was confirmed by PGR. SBE-expressing 
strains were obtained by transforming BSY-01. Yeast was 
grown at 30*C on YPD complete medium or synthetic 
dextrose selective medium supplemented as required. YPD 
plus 200 mg I"1 geneticin was used to select transfor­
mants. YPD liquid cultures for glucan isolation were inoc­
ulated with 0.1 volume of a saturated starter culture and 
grown in a 30°C shaker. 
Purification of et-Glucen Polymers 
Cells were collected from culture by centrifugation 
(5,000g, 4°C, 5 min) and washed twice with water. The two 
different glucan purification schemes used are described as 
follows. 
The hot alkali procedure described previously (Gunja-
Smith et aL, 1977) was used as follows. Cells were sus-
pended hi 20% (w/v) KOH at 0.05 to 0.40 g wet weight 
mL~\ boiled for 1 h, cooled to room temperature, and 
adjusted to pH 6 to 7 with concentrated HQ. Two volumes 
of 100% (v/v) ethanol was added. Precipitates were col­
lected by centrifugation at 5,000g, 4°C, for 5 min and 
washed twice with 67% (v/v) ethanol. These were sus­
pended in water and then heated and vortexed to obtain a 
fine suspension. The suspension was centrifuged at 8,000g, 
4°C, for 50 min. The supernatant was mixed with 15 vol-
umes of 100% (v/v) ethanol. After 20 min at 0°C, the 
mixture was centrifuged at 5,000g, 4*C, for 10 min. The 
pellet was suspended in 2 mL of water, heated briedy at 
80°C, cooled to room temperature, and then adjusted to 10 
mM NaOH. The solution was ap l^ed to a TSK-HW50S gel 
permeation column (1.7 x 80 cm, TosoHaas, Monlgomery-
ville, PA), whldi was duted with 10 mw NaOH (10 mL 
h"'; 2j-mL fractions). Samples of each fraction (0.15 mL) 
were mixed with03 mL of 0.01 M Iz/0.5 M Klin 1 mL of 
total volume. Qucan-containlng fractions Indicated by 
dark color, typically four or five in each fractionation, were 
pooled, dialyzed Into water, and lyophllized. 
A mechanical disruption procedure also was employed. 
Cell pellets from 500-mL cultures were frozen in liquid N%, 
lyophiHzed, ground to powder In a mortar and pestle, 
suspended in 15 mL of 1% (w/v) SDS, and shaken for 15 
min. The lysate was centrifuged at 4*C, 5,00%, for 5 min, 
and this pellet fraction "a" was saved. The supernatant was 
boiled for 15 min, cookd to room temperature, and centri­
fuged. This pellet taction "b" also was saved. The supers 
natant was mixed with 3 to 4 volumes of cold ethanoL and 
the mixture was kept on ice for 10 min. The pellet obtained 
after centrifugation was suspended in 100% (v/v) dimethyl 
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sulfoxide, boiled for 30 min, and cooled to room tempera­
ture. After centrifugation, the supernatant fraction "c" was 
saved. Pellet fractions a and b were re-extracted with 100% 
(v/v) dimethyl sulfoxide, pooled, and centrifuged to yield 
supernatant fraction "d." Supematants c and d were 
pooled and dialyzed into water. Three to 4 volumes of 
100% (v/v) ethanol was added, and the mixture was kept 
overnight at 4°C. The precipitate was collected by centrif-
ugatlon at 7,000g, 4°C, for 10 min. Glucans in the pellet 
were suspended in 10 DIM NaOH and chromatographed as 
above, except the matrix was Sepharose CL-2B and the 
column size was 2.8 x 21 cm. 
Analysis of «-Glucan Polymers 
Absorbance spectra of glucan-iodine complexes were 
determined by mixing 100 to 200 fig of purified glucans 
with 150 #iL of I2/K1 solution in a total volume of 1 mL. A 
microtitre plate assay was used to quantify glucans. Sam­
ples (30 (it) were mixed with 30 JAL of 100 DIM sodium 
acetate, pH 5.0, containing 0.012 unit of Aspergillus niger 
amyloglucosidase (Megazyme International, Bray, County 
Wicklow, Ireland) and incubated at 37°C for 2 h. Free Glc 
was then quantified by the Glc oxidase method, using a 
commercial reagent kit (510A, Sigma, St. Louis). 
Chain-length distributions were determined by HPAEC-
ENZ-PAD (Wong and Jane, 1995, 1997). Glucans (1 mg) 
were debranched at 45°C for 90 min in a 1-mL volume of 10 
nui sodium acetate, pH 4, containing 1 jiL of Pseudomoms 
amyloderamosa isoamylase (0.2 unit, Megazyme). Test anal­
yses showed no significant difference in the chain-length 
distributions obtained from the 90-min digestion compared 
with the data obtained after 24 h of isoamylase treatment, 
indicating that the debranching reactions had proceeded to 
completion (data not shown). The debranching reactions 
were neutralized by the addition of 1.4 /iL of 6.5 M NaOH, 
boiled for 10 min, and centrifuged in a microfuge for 10 
min. A sample of 0.7 mL of the neutralized digest was 
applied for HPAEC-ENZ-PAD analysis. The mass values 
indicated by PAD peak areas were divided by the M, of 
each chain, yielding relative molar values. Data are pre­
sented for each chain length as the percentage of the total 
molar value summed from DPI to DP50. The native maize 
Ap analyzed was a commercial preparation (A7780, lot no. 
53H0260, Sigma). Ap and glycogen from wild-type yeast 
were analyzed independently four times, and the experi­
mental samples were all analyzed at least twice. In no 
instance was a significant difference observed in chain-
length distribution between the independent analyses of 
each sample. 
Brandi frequency was determined from Ihe reducing 
end concentration after hydrolysis of m(l-*6) bonds by 
isoamylase and compared with that after hydrolysis of 
o(l-*6) and m(l-*4) bonds by amyloglucosidase (Fox and 
Rbbyt, 1991). Maltose was used as Ihe reducing sugar 
standard. Debranddng reactions were the same as those 
used for HPAEC-ENZ-PAD, and amyloglucosidase diges­
tions were the same as those used to quantify total glucan. 
Branching Enzyme Assay# 
Yeast cultures were grown in 10 mL of YPD medium for 
17 h at 30*C, reaching early stationary phase (A** > 2J5). 
Cells were collected by centrifugation, washed in water, 
suspended in 1 mL of breaking buffer (20 DIM Tris-HCl, pH 
8.0, 10 mi* MgCl* 5% [v/v] glycerol, 0.3 M ammonium 
sulfate, 1 mu dithiothreitol, 1 mu phenylmethylsulfonyl 
fluoride, and IX protease inhibitor cocktail [P2714, Sig-
ma]), and broken by voriexing In the presence of glass 
beads. The supernatant was collected after centrifugation 
for 10 min in a microfuge, and the protein concentration 
was determined. Branching enzyme assays were per­
formed as follows, according to the method of Guan and 
Preiss (1993). The 100-#iL reaction volume contained 2 mg 
mL-1 phosphorylase a, 50 HIM [l4C]Glc-l-P (9 cpm 
nmol"1), 1 mw ATP, and 40 /xg of total soluble extract 
Reactions were incubated for 5 h at 30°C, after which 100 
juL of a 10 mg mL-1 solution of glycogen was added as 
carrier and glucan polymers were precipitated with meth­
anol. Incorporation of radioactivity into the glucans was 
quantified by liquid-scintillation counting. Each yeast 
strain was analyzed two or three times starting with sep­
arate cultures. 
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APPENDIX B. PROTEIN-PROTEIN INTERACTION OF MAIZE STARCH 
SYNTHASE Ha BY YEAST TWO-HYBRID SYSTEM 
Introduction 
Recent identification and molecular characterization of starch synthase Ha (SSIIa) of 
maize (Zee maya) (Ham et al., 1998; Imparl-Radosevich et al., 1999; Zhang et al., in press) 
indicated that this isoform of starch synthase is very similar to other SSII from different plant 
species with regard to its effect on starch structure (Craig et al., 1998; Edwards et al., 1999; 
Yamamori et al., 2000; Umemoto et al., 2002; Morell et al., 2003). The deficiency of SSII 
increased the glucan chains of DP 6-11 while it decreased the glucan chains of DP 13-25 in 
amylopectin. Another surprising observation was the pleiotropic eGect of the SSIIa mutation 
of barley (Morell et al., 2003) and wheat (Yamamori et al., 2000). In these species, a 
mutation in SSIIa reduced SSI, BEIIa, BEIIb from the starch granules in addition to loss of 
SSIIa. These results suggested two possibilities. First, SSIIa might be involved in formation 
of enzyme complex with SSI, BEIIa and BEIIb. Second, the altered structure of starch by die 
SSIIa mutation could disrupt the binding of these proteins to starch granules. Binding 
experiment with the starch from the SSIIa mutant, however, showed that binding afGnity of 
each enzyme was not altered, which favors the first model of formation of enzyme complex 
(Ball and Morell, 2003). 
Based on these observations, the interaction of maize SSIIa with other starch 
biosynthetic enzymes was investigated using yeast two-hybrid system (James et aL, 1996) in 
this study. Previously, all the possible pair-wise combinations of interactions among starch 
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biosynthetic enzymes except for SSIIa were investigated by yeast two-hybrid system 
(Chapter 2). Thus, the result obtained here will be supplemental data to the previous result. In 
addition, it may also answer the question of whether enzyme complex formation with SSIIa 
is the reason for the pleiotropic effect described above for SSIIa mutation. 
Material* and Methods 
Two-hybrid plasmld construction 
The coding region of the mature maize SSIIa was amplified by two different rounds 
of PGR from pEXS122 (ExSeed Genetics) as template. The first coding region (nt. 1 - 1627) 
was amplified using the primers pYX-Su2 (5 ' -CGGATAAGAATTCCCCTCTA-3 ' EcoRI 
restriction site underlined) and L4zSSIIa (5 '-GCACCTTGTTGGGATGC-3 '). This PGR 
product was digested by JFcoRI and Jo/I and inserted to pGAD-Cl and pGBD-Cl, which 
were also digested by EcoRI and &%#. The ligation product was named as plasmid A-l 
(pGAD-Cl vector) and plasmid B-2 (pGBD-Cl vector). The second coding region (nt. 230 -
2013) was amplified using the primers U3zSSIIa (5 -CGAGCATAGTGAAGTTCC-3 ') and 
pGAD-Su2 f5'-AGAGATCTCCACTGGTACTT-3' gg/Q restriction site underlined). This 
PGR product was digested by &zfl and and inserted to plasmid A-l and plasmid B-2, 
which were also digested by Ja/I and 2*gfII. The ligation product was named as pKST2 
(pGAD-Cl vector) and pKST3 (pGBD-Cl vector), respectively and these products were 
confirmed by restriction analysis and DNA sequencing. 
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Transformation and identification of protein-protein interactions 
PJ69-4A (James et al., 1996) was employed as host strain for yeast two-hybrid 
experiment and co-transformation of two-hybrid plasmids was conducted by the standard 
heat-shock method. Yeast colonies grown on minimal plate without leucine and tryptophan 
were spread on minimal plate without leucine, tryptophan and adenine to identify protein-
protein interactions of SSIIa. 
Results and Discussion 
A total of 21 pair-wise transformations were made which were SSHa and SSI, SSHa 
and SSHa, SSHa and DUl-N'T SSIIa and DU1-N**, SSHa and DU1-N™, SSHa and BEI, 
SSIIa and BEIIa, SSHa and BEHb, SSHa and SUl, SSHa and ZPUl, SUl and SUl (positive 
control), pGAD-Cl and pGBD-Cl (negative control). The summary of the results is shown 
in Tables B. 1 and B.2. 
Table B.l. Yeast transformation of pKST2 with two-hybrid plasmids for starch biosynthetic 
enzymes (with GAL4-BD) in the first row 
SSI SSHa DU1-N'"" DU1-N"" DU1-N™ BEI BEIIa BEHb SUl ZPUl 
- -
+ 
- - -
_ 
+ = growth on the minimal plate without Leu, Tip, Ade 
Table B.2. Yeast transformation of pKST3 with two-hybrid plasmids for starch biosynthetic 
enzymes (with GAL4-AD) in the first row 
SSI SSHa DU1-N"* DU1-N"* DU1-N™ BEI BEIIa BEHb SUl ZPUl 
- - - - - - - - - -
+ = growth on die minimal plate without Leu, Tip, Ade 
I l l  
Positive protein-protein interactions were found only in the SSHa and DUl-N^** pair 
as a uni-directional interaction (SSHa as GAL4-AD Aision protein and DU1-N"^ as GAL4-
BD fusion protein). Previously, DU1-N"** was shown to interact with other starch 
biosynthetic enzymes (Chapter 2). Again this interaction was observed with SSHa. The 
physiological signiGcance of this interaction remains unknown, however, this result shows 
the importance of N-terminal extension of DU1 protein (Gao et al., 1998), which was 
suggested to interact with other proteins. 
No interaction was found in SSI, BEIIa, BEHb combined with SSHa although 
positive interaction was anticipated for some pairs based on the pleiotropic effect of SSIIa 
mutation from barley (Morell et al., 2003) and wheat (Yamamori et al., 2000). Thus, another 
explanation seems to be required to answer the pleiotropic effect of SSIIa mutation. 
However, it cannot be ruled out that the result obtained here might be species-dependent 
because, in maize, no change of SSI, BEIIa or BEHb was found in the granule bound proteins 
6cm mutation compared to wild-type plant (R.C. Miller, unpublished observation). 
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